Evaluate the effectiveness of the speed monitoring display for work zones in Las Vegas by Li, Xin
UNLV Retrospective Theses & Dissertations 
1-1-2008 
Evaluate the effectiveness of the speed monitoring display for 
work zones in Las Vegas 
Xin Li 
University of Nevada, Las Vegas 
Follow this and additional works at: https://digitalscholarship.unlv.edu/rtds 
Repository Citation 
Li, Xin, "Evaluate the effectiveness of the speed monitoring display for work zones in Las Vegas" (2008). 
UNLV Retrospective Theses & Dissertations. 2411. 
https://digitalscholarship.unlv.edu/rtds/2411 
This Thesis is protected by copyright and/or related rights. It has been brought to you by Digital Scholarship@UNLV 
with permission from the rights-holder(s). You are free to use this Thesis in any way that is permitted by the 
copyright and related rights legislation that applies to your use. For other uses you need to obtain permission from 
the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license in the record and/
or on the work itself. 
 
This Thesis has been accepted for inclusion in UNLV Retrospective Theses & Dissertations by an authorized 
administrator of Digital Scholarship@UNLV. For more information, please contact digitalscholarship@unlv.edu. 
EVALUATE THE EFFECTIVENESS OF THE SPEED MONITORING 
DISPLAY FOR WORK ZONES IN LAS VEGAS
by
Xin Li
Bachelor o f Science in Engineering 
Northern Jiaotong University 
2000
Master of Science in Engineering 
Northern Jiaotong University 
2003
A thesis submitted in partial fulfillment 
of the requirements for the
Master of Science in Engineering Degree in Civil Engineering 
Department of Civil and Environmental Engineering 
Howard R. Hughes College of Engineering
Graduate College 
University of Nevada, Las Vegas 
December 2008
UMI Number: 1463514
INFORMATION TO USERS
The quality of this reproduction is dependent upon the quality of the copy 
submitted. Broken or indistinct print, colored or poor quality illustrations and 
photographs, print bleed-through, substandard margins, and improper 
alignment can adversely affect reproduction.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion.
UMI
UMI Microform 1463514 
Copyright 2009 by ProQuest LLC.
All rights reserved. This microform edition is protected against 
unauthorized copying under Title 17, United States Code.
ProQuest LLC 
789 E. Eisenhower Parkway 
PC Box 1346 
Ann Arbor, Ml 48106-1346
Copyright hy Xin Graduate Student 2008 
All Rights Reserved
uNiy Thesis ApprovalThe Graduate College 
University of Nevada, Las Vegas
July 22 _,20 08
The Thesis prepared by 
Xin Li
Entitled
Evaluate the Effectiveness o f  the Speed M onitoring D isplay for W ork Zones in 
Las V egas _____  _________________________
is approved in partial fulfillment of the requirements for the degree of 
M aster o f  Science in Engineering
Exam ination Committee Member 
Examination Committee Member
Graduate College Faculty Representative
,//
Exam ination Committee Chair
Dean o f the Graduate College
11
ABSTRACT
Evaluate the Effectiveness of Speed Monitoring Display for 
Work Zones in Las Vegas
by 
Xin Li
Hualiang (Harry) Teng, Ph.D., Examination Committee Chair 
Assistant Professor o f Civil and Environmental Engineering 
University of Nevada, Las Vegas
During the last five years, an average o f nine motorists a year lost their lives in 
highway work zone crashes in Nevada. Nationwide, the number of people killed in work 
zone crashes has increased from 789 in 1995 to an all-time high of 1,093 in 2000. Also, 
more than 40,000 injuries occur as a result of crashes in work zones each year. With the 
trend of continuing growth in Nevada (which would result in more travel demand) and 
the expansion of transportation network (which would create more constructions on the 
roadways), it is expected that the number of crashes in work zones will continue to 
increase. One major problem in work zones is that motorists tend to drive through work 
zone areas without slowing down. To mitigate the problem, advanced technologies such 
as red-light cameras issuing citations to speeding vehicles, speed trailer displaying 
measured vehicle speeds, variable message signs displaying warning messages or traffic 
information, and web sites for disseminating traffic information (e.g., travel time, queue 
length, and accidents) to a large region have been developed. Some of the technologies 
attempt to reduce vehicle speed while others divert traffic around work zones. The speed
111
monitoring display (SMD) is one o f the teehnologies that have been tested in a few states. 
It uses a radar deviee to measure speeds of individual vehieles entering or within a work 
zone. When the measured speed is above the speed limit set up for a work zone, the speed 
number will be displayed on the board to alert motorists of their speeds. It ean also 
display the message that predefined, sueh as “Slow Down”, “Drive Safely” ete. Usually, 
this is viewed as a replaeement of stationary poliee in work zones, and it is also used to 
alert the drivers o f the speed at whieh they are traveling and to influenee their driving 
behavior. The result has been noticed that the size of speed sign on the SMD is eritieal to 
the effeetiveness of the SMD. If the sign is too small, motorists traveling at high speed 
may not be able to read the displayed speed. It has also been found that flashing the 
exeessive speed on the SMD ean be more attraetive to be reeognized by motorists. Two 
questions arise related to the flashing; whether flashing can produce better results in 
controlling speed and what the optimal flashing rate should be. In addition to the flashing 
issue, it has been notieed that motorists may aecelerate their speeds after they slow down 
in the elose vicinity of the first SMD. One way to solve this problem is to deploy more 
than one SMD in the work zone. However, motorists may deerease their attention to the 
added SMD after a eertain number o f SMDs are added in a work zone. In this ease, how 
well the additional SMDs perform versus the first SMD is a eritieal question.
The objective of this thesis is to evaluate the performanee o f the SMD with different 
features of display sign: the size of the display sign, flashing the measured speed (with 
different flashing rate), and displaying warning message. In addition, this thesis will also 
evaluate the performanee of the seeond SMD in a work zone. With these objeetives, two 
testing sites, one on Cr-215 and the other on 1-15, were ehosen for this study. Six
IV
scenarios were developed whieh included 1) before condition (no SMDs in the work 
zone), 2) smaller sign, 3) larger sign without flashing, 4) larger sign with a fast flashing 
rate, 5) larger sign with a slow flashing, and 6) warning message sign. Comparisons on 
the speeds collected for these scenarios will be made. From the comparison among the 
scenarios, the effeetiveness o f the SMDs with different message displaying features ean 
be evaluated. The comparisons will be made for all types of vehieles together, different 
types of vehicle separately, vehieles running in free flow conditions, vehieles running at 
exeessive speeds, and vehieles operated on different lanes. From the analysis based on 
these comparisons, the patterns of the performance of the SMDs with different features 
ean be better understood. After the identification of the performance patterns for the first 
SMD, the performanee of the seeond SMD will be evaluated.
This thesis will make contributions in the following two aspects. First, a sequential 
algorithm will be developed to determine whether a vehicle is running in platoon on 
arterials or bunching on freeways. It is important to determine these conditions because 
the vehieles running under these conditions would have their full liberty to make 
response to the tested teehnologies, rather than having to be influenced by vehieles 
running in a group. From studying the behavior of those vehieles that were not influenced 
by the interaction with other vehieles in a group, the identified impact o f the testing 
teehnologies on them ean be more revealing. In the past, to determine whether a vehicle 
is running in a free flow condition was conducted by using a fixed threshold on headway. 
This study will adopt a classification algorithm, the CUSUM algorithm, which 
incorporate the probability distributions o f headway in free flow and platoon (or 
bunching) conditions. This algorithm will be calibrated based on the headway data
collected at the test sites in this study. The calibrated algorithm will be operated on the 
headway data to determine whether a vehicle was running in platoon (bunching) or free 
flow conditions. By calibrating such a classification algorithm, the results from the 
comparisons based on free flow condition can be more reliable.
The second contribution of the thesis will be developing disaggregated regression 
models for the probability for a vehicle to be speeding under different scenarios and the 
relative impact of the scenarios on the speed reduction. From these models, the 
effectiveness o f all scenarios on reducing speed could be derived statistically.
At last, the cost and benefit analysis will be provided to determine the characteristics 
o f work zones that can receive benefits from using speed monitoring displays on arterials, 
like Cr-215, and freeways like 1-15. Also, the recommendations for speed monitoring 
displays being appropriately used on arterials and freeways will be discussed.
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CHAPTER 1
INTRODUCTION
1.1 Problem Statement 
During the last five years before 2003, an average of nine motorists a year have lost 
their lives in highway work zone erashes in Nevada. Nationwide, the number of people 
killed in work zone erashes has inereased from 789 in 1995 to an all-time high of 1,093 in 
2000. Also, more than 40,000 injuries oeeur as a result o f erashes in work zones eaeh 
year (AASTO, 2004). With the trend of eontinued growth in Nevada, whieh will result in 
more travel demand, and the expansion o f transportation network, whieh will ereate more 
eonstruetions on the existing roadway system, it is expeeted that the number of erashes in 
work zones will eontinue to inerease. One major problem is that motorists, for the most 
part, ignore the legal speed limits while driving through work zones. Congestion also 
eontributes to the high likelihood of erashes.
To mitigate the problem, advaneed teehnologies sueh as red-light eameras issuing 
eitations to speeding vehieles, radar deteetors measuring vehiele speeds, variable message 
signs displaying measured speeds or traffie information, and web sites for disseminating 
traffie information (e.g., travel time, queue length, and accidents) to a large region have 
been developed. Some of the teehnologies attempt to reduce vehiele speed while others 
route traffie around work zones. Even though these technologies have been tested in
several states including California, Nebraska, Arizona, Arkansas, Illinois and Michigan, 
their effectiveness have not been fully quantified.
This research project is aimed at testing the effectiveness of Speed Monitoring 
Display (SMD) in work zones. Through the testing, their effectiveness in improving 
safety and mobility was examined. A cost and benefit study was conducted to determine 
the conditions (roadways, work zone characteristics, time o f day, etc.) under which the 
Speed Monitoring Display could be used in work zones.
1.2 Background Summary 
Developing safety devices to improve work zone safety started with the 1984 
Strategic Highway Research Program in which six priority research and development 
areas including work zone were identified. By 1995 when the Strategic Highway 
Research Program was concluded, ten devices for three areas o f work zone were 
developed. They are:
• Signs: flashing stop/slow paddle, direction indicator barricade, opposing traffic lane 
divider, and portable all-terrain sign stand, and
• Detectors: two different intrusion alarm, and queue-length detector, and
• Protection devices: portable crash cushion, portable rumble strip, and remotely driven 
vehicle.
It should be noted that these safety devices are primarily lightweight (not like 
concrete barriers) that would effectively protect workers. They were also designed for 
quick installation and removal to give crews more time to do their work.
Recognizing the fact that safety can be improved significantly if  speed is controlled, 
Speed Monitoring Displays (see Figure 1) have been field tested in many places in the 
U.S. (Garber and Patel 1995, McCoy et al. 1995, Garber and Srinivasan 1998, Pesti and 
McCoy 2002, Saito and Bowie 2003). This system primarily consists of a speed trailer. 
Speeds of individual vehicles entering a work zone can be measured by using the radar 
device in the system. When the measured speed is above the speed limit set up for a work 
zone, it will be displayed on the board to alert motorists o f their speeds. Note that Speed 
Monitoring Display is usually viewed as a replacement of stationary police in work 
zones. It is also used to alert the drivers of the speed at which they are traveling and to 
influence their driving behavior. In addition to Speed Monitoring Displays, there are 
other techniques for reducing vehicle speed such as rumble strips and narrowing lane 
width. Because of their additional side effects on safety (e.g., sometimes motorists may 
change lanes to avoid rumble strips), they are not considered for this study.
Figure 1 An Example of Speed Monitoring Display
Since 1995, many studies on testing Speed Monitoring Displays have been 
performed. In these studies, the type o f roadway where the tests were conducted varies 
from freeway to primary roadway and to ramp where different speed limits were 
associated. The testing durations varied from peak periods only to several weeks. The 
number of sites tested in these studies varied from one to ten work zones. In addition to 
testing whether speeds are significantly reduced after the installation o f the Speed 
Monitoring Display, it was also investigated whether the location of the display in work 
zones and the duration of the installation (short- and long-term) have any significant 
impacts on the performance of the system. As suggested in the most recent study in Utah 
(Saito and Bowie 2003), there is a need to improve the system by increasing the size of 
the signs for roadways with higher speed limits. In a personal communications with one 
of those researchers, it was indicated that setting up additional Speed Monitoring 
Displays in work zones was promising to improve the system performance. Intuitively, it 
is also worthwhile to look into the impact o f the flashing rate o f the speed sign.
1.3 Research Objectives and Expectation 
The objective of this study was to evaluate the performance of the SMD with 
different features that include the size of speed sign, flashing measured speed, and 
displaying warning message in work zone. In addition, the study also tested the 
performance of a second SMD in a work zone. Two test sites in the Las Vegas Area were 
chosen to test the SMD, one on a fully controlled access segment of Cr-215, a county 
principal arterial, and the other on 1-15, a major Interstate highway. The basic scenarios 
tested at these two sites were (1) no new feature, 2) small sign, 3) big sign without
flashing, 4) big sign with a fast flashing rate, and 5) big sign with a slow flashing rate. On 
Cr-215, a scenario for warning message sign (“Slow Down”) was also included. On Cr- 
215, speed and vehicle classification data were collected using Nu-metrics detectors. On 
1-15, these data were collected using videos that were processed in the lab. Comparisons 
on the speeds in these scenarios were made for all types o f vehicles, regardless of 
whether they were running in free flow conditions or in groups. These comparisons were 
based on hypothesis testing method. In addition, analysis was performed to individual 
vehicles that were running in free flow conditions, for which regression models were 
developed in analyzing the behavior of individual vehicles.
This thesis consists o f six chapters. The first chapter provides an introduction o f the 
problem in work zones, the purpose o f this study and expectations, and approaches taken 
in this study to achieve the objective o f the study. In the second chapter, a literature 
review is provided on the SMD tested in this study. The third chapter presents the 
methodology to evaluate the effectiveness of SMD. In the fourth chapter, the testing of 
SMD on Cr-215 is described. The fifth chapter presents the tests of SMD on 1-15. The 
sixth chapter was devoted to the findings, conclusion, recommendations and 
implementation issues for the SMD.
CHAPTER 2
LITERATURE REVIEW
In this chapter, the studies on the Speed Monitoring Display are reviewed. Some 
studies distinguished the speed trailer like shown in Figure 1 and the changeable message 
sign with radar (CMR) as shown in Figure 2 since other messages than speeds can also be 
displayed on the CMR. In this chapter, the studies on these two different technologies are 
viewed, respectively.
Figure 2 An Example of Changeable Message Sign
2.1 speed Monitoring Display
The study described in McCoy and Kollbam (1995) is an early investigation on the 
effectiveness of the SMD in reducing traffic speeds. The tests on SMD were conducted 
within an active work zone on a freeway in South Dakota. The interstate highway was in 
an urban area and the normal speed limit was posted at 55 mph. The work zone speed 
limit was posted at 45 mph. Two SMDs were installed on both sides of a two-lane 
section. The speeds o f vehicles running in free flow condition (defined as headway 
greater than 4 seconds) were collected before and after the installation of the SMD. Data 
analysis showed that the SMD reduced mean speeds of two-axle vehicles about 4 mph, 
and reduced 5 mph for the vehicles with more than two axles. Also, the number of drivers 
exceeding speed limit on the approach to the work zone were reduced by 20% with two 
axle vehicles and 40% for vehicles with more than two axles, respectively.
Pesti and McCoy (2002) focused on the long term effect o f the SMD on speed in long 
duration work zones in rural areas. The study section was a four-lane divided interstate 
highway between two relatively long sections of head-to-head operations. Drivers 
routinely used this section for passing maneuvers, accelerating well above the 55 mph 
posted speed in the work zone; therefore, speed compliance was a noted problem. The 
normal speed limit was posted at 75 mph. The daily traffic consisted of 22% commuter 
traffic and 21% truck traffic. Speed data were collected for three time periods, one before 
the deployment of the SMDs, the other during the deployment (five times, once each 
week), and the last period one week after the removal of SMDs to detect whether there 
were any residual effects. Only free flow speed (defined as headway greater than or equal 
to 5 seconds) were analyzed in this study. The results indicated that the speeds were
reduced significantly during the deployment. The improvement was about a 3 to 4 mph 
reduction on average; 2 to 7 mph reduction in 85th percentile speed; and about a 20 to 
40% increase in speed compliance. After the removal o f the tested SMDs, the speeds 
were increased, but still lower than those before the deployment of the SMDs. Therefore 
some residual effect is thought to exist. Persistent reductions o f 3 mph mean speed and 4 
mph 85th percentile speeds were observed for passenger cars over the five week period of 
SMD operations.
In Saito and Bowie (2003), instead of testing at one site, their SMDs were tested in 
seven different work zones. In addition, police patrol was coordinated with the tests on 
the SMDs such that its performance in controlling speed in work zones can be compared 
with that of the SMDs. In their analysis, the factors considered to influence the evaluation 
of the performance of the SMDs included the location o f SMD in work zone sites (before 
taper or within work zones), types of vehicles, and speed data collection location in a 
work zone. The analysis indicated that police patrol can result in more speed reduction 
than the SMDs. Their impacts on speed were decayed after their tests.
2.2 Changeable Message Signs with Radar
The study by Richards et al. (1985) tested the CMR at six work zones with four types 
o f highways: undivided multilane arterial (one site), rural freeway (two sites), urban 
freeway (one site), and rural two-lane two-way highway (two sites). To conduct the 
study, one treatment was installed one after the other. The next treatment was tested only 
when the current one was completely removed and traffic had returned to normal. Speed 
data were collected at three locations on each test site: upstream of the CMR,
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immediately downstream of a CMR, and farther downstream of the CMR. Two message 
options were tested: speed only or speed plus related information, the “Speed-Only 
Message” treatment reduced speeds on average in the range from 0 to 5 mph (0-9 
percent), and the “Speed and Information Message” treatment reduced speeds also in the 
range from 0 to 5 mph. It was found that the CMS treatments were least effective in 
slowing drivers at the urban freeway site; and the CMR was effective only when it was 
located closer to the actual work area.
The effectiveness of CMR on reducing speed was tested in Garber and Patel (1995) at 
seven work zones in Virginia. At each work zone, speed data for speeding vehicles were 
collected at three locations: (1) the advance warning area, (2) the midpoint of the activity 
area, and (3) before the end o f the work zone. A CMR was placed at the first location. 
During the data collection, four different messages were tested for the CMR. It was 
concluded that the CMR was more effective than the static signs specified in MUTCD in 
altering driver behavior in work zones, and there were no significant differences between 
the four messages with regard to their effect on high-speed vehicles as well as the whole 
population of vehicles.
In the study of Garber and Patel (1995), the data were collected for less than seven 
days after the placement o f the CMS with radar in a work zone. Therefore, no 
determination was made on whether the equipment had the same effect on high-speed 
drivers over a longer period o f time. The study in Garber and Srinivasan (1998) is the 
continuation of the study in Garber and Patel (1995), and it focused on evaluating the 
long term performance of the CMR, for which speed data were collected for three, four 
and seven weeks, respectively. It was found that the CMR remained an effective speed
control technique even when it was used for prolonged periods o f time (up to seven 
weeks).
In the study by Wang et al. (2003), a CMR was set up before a work zone. Three data 
collection sites were used, one before the CMR and two after the CMR. Speeds collected 
before and after tests were compared to see the speed reduction. The impact on vehicle 
type, day time and night time, and free flow conditions was evaluated. It was found that 
vehicles responded to the CMR immediately when they saw it. Their speeds were 
increased soon after they passed the CMR. Positive long term effect of the CMR can also 
be observed from the tests.
Dixon (2005) presents a test on a CMR that was set up within a work zone. Two sites 
were chosen, one for each of the two traveling directions in the work zone. Three data 
collection phases were designed: before, immediate after, and later after the operations of 
the work zone. The impact of vehicle type, day time and night time, and free flow 
conditions were also included in the evaluation. The results indicated that CMR did 
reduce speeds significantly for a substantial period of time. The performance of the CMR 
varied between day time and night time and for different types of vehicles.
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Table 1 Summary o f Results for the Reviewed Studies
Testing Site Speed
Reduction
Vehicles analyzed Speed
Variance
Reduction
Safety
Improveme
nt
Dixon (2005) State 
Highway, 
State Route
1-1.8 mph Free flow vehicles: 
headway is higher than 
5 seconds
Yes Yes
Saito and
Bowie
(2003)
Interstate 
Highway, 
State Route
7 mph Speeding vehicles Yes Yes
Wang et al. 
(2003)
Two-Lane 
Rural 
Highway
7-8 mph Free flow vehicles: 
headway is higher than 
5 seconds
Yes Yes
Pesti and
McCoy
(2002)
Interstate
Highway
3-4 mph Free flow vehicles: 
headway is higher than 
5 seconds
N/A N/A
Garber and 
Srinivasan 
(1998)
Interstate
Highway,
Primary
Arterial
5-10 mph 
8-12 mph
Speeding vehicles 
(speed limit: 55 mph, 
45 mph)
Yes Yes
Garber and 
Patel (1995)
Interstate
Highway
9-18 mph Speeding vehicles Yes Yes
McCoy and
Kollbaum
(1995)
Interstate
Highway
Two-axle: 4 
mph 
More than 2 
axles: 5 
mph
Free flow vehicles:
1. There were no 
vehicles on the 
entrance ramp 
downstream of the 
taper
2. headway is higher 
than 4 seconds
N/A N/A
Richards et 
al. (1985)
Highways 0-5 mph (0- 
9%)
Free flow vehicles No No
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2.3 Literature Review Summary 
Table 1 shows a summary for the studies reviewed above. From the table, it can be 
seen that the speed monitoring display has been tested on roads of different 
classifications. It can reduce speed up to 18 mph for vehicles either running at free flow 
condition or following other vehicles. Most of the studies reduced speed variance and 
also demonstrated improving safety.
From the review it can also be seen that the effectiveness of the SMD has been tested 
with focuses on the effects of the location of SMD in a work zone and the long term 
effect of the SMD. The CMR has been additionally tested for different types of messages 
to be displayed on the message board. The following issues related the effectiveness of 
the SMD have not been investigated formally: the size of speed sign, flashing speed sign, 
using warning message, using more than one SMD in work zones. These issues were very 
important to the performance of the SMD on highways, and were investigated in this 
study.
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CHAPTER 3
RESEARCH METHODOLOGY
3.1 Testing Scenarios
In this study, tests were preformed at two sites, one on arterial Cr-215 and the other 
on interstate highway 1-15. The features tested at these two sites were slightly different. 
The features that were commonly tested for the speed sign on the SMD are: size of 
displaying sign, flashing rate, and the number of SMDs in a work zone. As schedule 
allowed, the speed monitoring display with warning message “Slow Down” was tested on 
Cr-215, but not on 1-15. In addition to testing different features of speed sign, the number 
of the SMDs simultaneously deployed in work zones was also tested. With the constraint 
o f the resource available to this study, only two SMDs were installed in work zones for 
tests.
Two options were considered for the size of speed sign: small and big. Two flashing 
rates slow (60/min) and fast (120/min) were tested. As a result, the following five 
scenarios were developed for the test on Cr-215: (1) Small sign with no flashing, (2) Big 
sign with no flashing, (3) Big sign with fast flashing, (4) Big sign with slow flashing, and 
(5) Warning message with no flashing. The last scenario was not considered on 1-15 due 
to the time constraint.
On Cr-215, these five scenarios were first compared with a “before condition” where 
no SMD was installed. A common “before condition” was used in comparing with the
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test features. This “before condition” was the case where no SMD was installed and the 
test of this “before condition” was performed before the testing of all the scenarios. In 
addition, the locations where the speeds were obtained for the “before condition” was the 
same as those from which the speeds for the five scenarios were measured. From these 
comparisons, the amount of speed reduction can be derived for each scenario. In addition, 
these scenarios were compared each other from which the relative performances o f these 
features were observed. These comparisons were based on t-test on mean speed and 
binomial test on the proportion of speeding vehicles.
On 1-15, the “before condition” was different from that defined for the tests on Cr- 
215. The place where speeds were obtained for the “before condition” was upstream of 
the location from which the speeds were measured for the four scenarios tested on 1-15. 
The speeds from the upstream location were assumed to be the same as those measured 
for the four scenarios if the features of speed signs were the same at these two places. It is 
heeause the distance between these two places are very short and the geometric 
conditions at these two places are very similar. In the ease on Cr-215, the road upstream 
of the location where the speeds for the five scenarios were obtained was a upgrade 
which made it difficult to have the speeds measured at a upstream location the same as 
those at a downstream. So, with this setting of “before condition”, different scenarios had 
“before conditions” with different average speed to compare with.
In the data analysis, the comparisons were made for different types o f vehicles. 
According to vehicle length, vehicles are classified into three types: (1) Passenger 
vehicles, i.e., vehicles with length less than or equal to 22 feet (<= 22 feet), (2) Single­
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unit trucks, i.e., vehicles with length in the range from 22 to 39 feet, and (3) Multi-unit 
trucks, i.e., vehicles with length longer than 39 feet.
The comparisons were also broken down depending upon whether a vehicle is in free 
flow condition. In the analysis where the vehicles running at both the free-flow and 
platoon or bunching conditions were considered together, the behaviors of those vehicles 
under free-flow conditions may be clouded. It is important to investigate the vehicles 
under free-flow conditions since their response to Speed Monitoring Display represents 
the real reactions to the speed control devices. The behaviors o f vehicles in platoon or 
bunching may be influenced by the vehicles close to each other, and may not be their true 
response when they faced such speed control devices alone. That is the reason that the 
vehicles in free-flow conditions were investigated in several previous studies. However, 
in previous studies, whether a vehicle is running in free flow condition was determined 
by using a fixed threshold for the headway between two vehicles. It is recognized that 
vehicles run either in platoon / bunching or free flow conditions on street networks and 
the headways of the vehicles in these two conditions follow different probability 
distributions. Thus, using a threshold may mis-elassify a vehicle from being in the state 
of platoon or bunching to being in free flow condition, or vice versus. A classification 
algorithm, the CUSUM algorithm, was applied in this study to identify the state of a 
vehicle either in platoon / bunching or free flow condition.
In addition to the analysis based on the hypothesis test, analysis based on regression 
modeling was also conducted for the data collected in these two locations. The likelihood 
for a test scenario to slow down vehicles was estimated first. The speed of vehicles in 
free flow conditions were modeled using linear regression models. From the results of
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regressions models, the relative performance of the tested features o f speed signs can be 
derived correspondingly. The analysis from the regression models and that based on 
hypothesis tests was complementary each other.
In the following sections, the hypothesis test method for mean speed and proportion 
and the CUSUM algorithm are introduced. The calibration for the CUSUM algorithm is 
described in the section on data collection.
3.2 Hypothesis Test for Mean Speed 
According to t-test for the two independent sample means of speeds in the before 
( //, ) and after ( //j ) conditions, the null hypothesis is that there is no difference between 
the means in these two conditions, which can be written as:
(3.1)
The alternative hypothesis could be the speed was reduced, increased, or not equal. The 
alternative hypothesis for slowing down traffic is:
//j > 0 (3.2)
The test statistic can be written as
) - ( / < , - f t )  (3,3)
|^s  ^ /n^  +S^/n^
where n, and represent the sample sizes for the speeds in the before and after 
conditions, respectively; Sf and S 2  are the corresponding speed sample variances, and
//, and jj. 2  represent speeds in two different scenarios. In this study, the level of
significance 0.05 was used to determine whether the null hypothesis is accepted.
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3.3 Hypothesis Test for Exeessive Speed Vehiele Pereentage 
In this study, the Binomial test was performed on the proportion o f vehieles 
exeeeding the regulatory speed limit. The null hypothesis is that there is no differenee 
between the true portions of exeessive speed vehieles before and after the deployment of 
the SMD, while the alternative hypothesis is that there is a differenee. The null 
hypotheses ean be written as:
H q ' - P \ - P 2 = ^  (3.4)
where /?, and p j  represent the true portions of the excessive speed vehicles with and 
without the deployment of SMD, respeetively. The alternative hypothesis eould be for 
smaller, higher, or not equal. The one for the higher pereentage ean be written as:
// ,: /? !  -/?2 > 0 • (3.5)
The statistie used in the test is z-seore what ean be ealeulated using the following 
formula:
z = Z P (3.6)n
where X  is the observed number o f exeessive speed vehicles, and n is the number of total 
samples. At eonfident level o f 95%, the critieal value for z is 1.64.
3.4 Disaggregate Modeling of Vehiele Responses 
Regression models were developed to model the probability for a vehiele to be 
speeding under different scenarios and the relative impaet of the scenarios on the speed a 
vehicle runs. The probability for a vehicle n to be speeding ean be written as:
17
where and represents the “utility” for a vehicle to be speeding and not speeding,
respeetively. Because there are only two outeomes for a vehicle, speeding or not 
speeding, the probability for a vehicle n not to be speeding can be expressed as:
P ,(0 ) = 1 -P ,(1 ) (3.8)
The two “utilities” ean be related to the scenarios and types o f vehicles, which can be 
represented as a veetor of variables x . .^ Then, these “utilities” can be written as:
I f .  = (3 9)
In this study, x.  ^ eonsists of interaetion variables between seenarios and type of vehicles.
With these interaction variables, the impaet of different seenarios on vehieles of a
particular type and the impaet of a certain scenario on different types of vehicles ean be
identified.
For the vehieles that were running in free flow eonditions, their speeds and their 
responses under different seenarios were evaluated based on the following model:
v„ M = I," ,M  (3.10)
where v„ represents the speed for vehiele n, x.„ is the same set o f variables denoting the
interaetions between seenarios and vehiele type. M  is the total number of vehicles that 
passed through the test site under different seenarios.
3.5 CUSUM Algorithm 
The decision function in the CUSUM algorithm is a poliey derived from the Change 
Point problem, in which the stoehastic proeesses in normal and changed eonditions are 
assumed stationary, and the variables are independently identieally distributed (i.i.d.).
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According to the CUSUM algorithm (Teng and Qi 2003), the headways between 
vehieles observed sequentially at a location in a lane ean be represented as y , , ^ 2 » • • • 
Among these headways, those of y ,, , ..., y  ean be assumed for vehieles in
platoon, following a probability density function (p.d.f.) . The remaining headways
y, , y  ,, ... ean be assumed for the vehieles running in the free flow eonditions, and its 
p.d.f. ean be written as . In these two p.d.f.’s, the parameters 0^  and 0^  are assumed 
different, and the probability density function change at (tp > I  ). In this study, is 
calibrated as the lognormal distribution, and is the exponential distribution.
Given the headways y , , • observed sequentially, for a given headway at
time k , there are two hypotheses about whether it is from the same platoon as or in 
free flow eonditions. The likelihood for the headway to be in platoon and free flow 
eonditions ean be expressed as and , respeetively. The log-likelihood ratio
between these two likelihoods, =log[/^^l^ / ], is positive when y^ comes from
the same platoon. As shown in Figure 3, the cumulative sum of the log-likelihood ratio 
^  Cj increases continuously with the headways continuously coming from the
same platoon, and decreases after headways from a free flow condition are observed. A 
substantial change in the differenee between the cumulative sum of the log-likelihood 
ratio for the current time period and the maximum cumulative sum up to the current time 
period indicates a change in the state in which vehieles are running. This differenee ean
be written as:
(3 .H )
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If is higher than a pre-defined threshold/z, then can be viewed as being in free 
flow conditions.
Time
Free Flow 
Condition
Platoon
Figure 3 CUSUM Algorithm Diagram
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CHAPTER 4
TEST SPEED MONITORING DISPLAY AT THE CR-215 SITE
4.1 Test Plan
In testing the Speed Monitoring Display at the Cr-215 site, the following features of 
the speed sign were considered: (1) Small sign with no flashing, (2) Big sign with no 
flashing, (3) Big sign with high flashing rate, (4) Big sign with low flashing rate, and (5) 
Warning sign with “Slow down” message. From comparing the responses o f motorists to 
the big sign and small, it ean be demonstrated whether big sign ean be more effective in 
slowing down speed. With the comparison between the non-flashing and flashing signs, it 
was expected to see the additional benefits for the flashing that ean make the speed 
message more attractive. With varying the flashing rate, it was possible to reveal the 
tendency for the motorists to accept the level of attractiveness of the flashing. By 
showing the warning message instead of displaying the measured speed, it was intended 
to see the differenee among types o f messages in the compliance of motorists on speed 
limit. In addition to these features for the speed sign on the Speed Monitoring Display, 
two SMDs were deployed 2,000 ft apart in a work zone. The test for this scenario was to 
see whether motorists continue to respond to Speed Monitoring Display after they have 
seen one already. Figures 4, 5, and 6 present the small sign, big sign, and the sign with 
warning message, respectively. Figure 7 shows the difference between the small sign and 
the big sign in dimension. It ean be seen that the widths of these two sizes of signs are
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very similar, while the heights of them are significantly different, changing from 15.5 ft 
for the small sign to 23.25 ft for the big sign. Note that the size of big sign is the biggest 
that ean be made feasible using the speed trailer purchased for this study. The small sign 
o f the speed trailer which was borrowed from the City of Las Vegas can only display 
speed numbers with one size.
Figure 4 Small Sign
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Figure 5 Big Sign with No Flashing
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Figure 6 Warning Sign with Message “Slow Down’
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Figure 7 Size Measurements for the Small Sign (upper) and Big Sign (bottom)
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The test site was chosen on northbound Cr-215 between Cheyenne Ave. and Lone 
Mountain Rd. (see Figure 8). This segment of road was a four-lane highway major 
arterial at the time when the test was conducted (see Figure 9). Construction was 
underway to convert this road segment to a freeway, a part of the beltway in the Las 
Vegas area. There was Alexander Rd. over passing this tested segment in the east west 
direction. Two lanes were open in the work zone. Construction was underway on both 
sides o f the two lanes. Concrete barriers were used to guide the traffic along most o f the 
road segment where the test was conducted. There were no space left between the edges 
of travel lanes and the barriers. The first SMD was set up under the bridge of the overpass 
facing the traffic traveling northbound. The shadow under the bridge provided a 
condition to make the sign on the SMD brighter.
At the beginning when setting up the SMD, the small size sign was deployed before 
the bridge facing south. During the daytime, motorists driving northbound had difficulty 
to read the speed displayed on the sign. For this reason, the SMD was moved back to the 
shadow of the bridge. The second SMD was deployed at about 2,000 ft downstream of 
the first SMD. The road had a horizontal curve between these two SMDs, which made 
the motorists impossible to see the second SMD when they saw the first SMD. It also 
includes an upgrade of 2 to 3 degrees. This hill started from 1000 ft. upstream of the first 
SMD and ended at the location where the second SMD was set up. Both SMDs were set 
up on the right hand side shoulder. The first SMD was located behind a concrete barrier 
that was used for the construction on the shoulder. The second SMD was deployed on a 
shoulder where no construction was underway. The contractor o f the construction set up 
two segments of concrete barriers in the front o f SMD for safety purpose.
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Non-intrusive detector, Nu-Metrics, was used in the test for data collection (see 
Figure 10). Figure 10 shows two elements o f the product: the metal plate and the cover. 
The cover was placed over the metal plate in the field placement. Industrial tapes can be 
used to attach the plate and cover onto the surface of pavement. The battery in the metal 
plate can last about three weeks. Figure 11 shows the placement o f the detector on the 
road. Usually, one person can install the detector on the road during the time period when 
traffic is light. The attractive feature of the detector was that it can measure the speed, 
occupancy, headway, and length for each individual vehicle, which was needed for this 
study for looking into the behaviors of motorists responding to Speed Monitoring Display 
in a disaggregate level. To capture the response of motorists to the SMD (e.g., change in 
speed), detectors were placed 200 ft downstream of the two SMDs in each lane.
Cr-215 m Alexunder Rd.
**- - - - - - - - - - - -
- - - - - - - - - - - - -
r —  1 r  1  I  t r~- - - - - - - - - - - - T " —  n  ; 1
r  r - - - - - - - - - 1 - - - - - - - - - - - - - - T "  1 1 1 I 1 1 s
1^01 S t a w f
Nu-Memeji
■ ... Stjasûr
2000 A 200(1
Figure 8 Layout of SMD and Detectors on the Test Site on Cr-215
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Figure 9 The SMD under the Alexander Rd. Overpass Bridge
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Figure 10 Nu-Metrics Detector
I
Figure 11 Nu-Metrics Detectors on the Road
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4.2 Test in the Field
Each scenario was tested at least five days, each for two hours from 9:00 am to 11:00 
am. Even though the SMDs were stationed at the test location, they were turned on for 
operation only during these two hours. They were turned off after 11:00 am when the test 
was completed. Regularly, one researcher drove a van owned by the Transportation 
Research Center at UNLV to the site. After turning on the test SMD, this researcher 
observed the conditions at the test site. Sometime, there were construction activities on 
the shoulder that distracted the attention of motorists. Once a while, concrete barriers 
were removed for construction work in other segments of the road. It happened some 
times that slow moving vehicles passed the test site. During the tests, police patrolled 
downstream or upstream of the work zone area. All these activities were noted down in 
the field by the researcher.
Even though the battery in Nu-Metrics detectors can last about three weeks, they were 
retrieved after the test for a scenario (each lasting about one week) was completed, When 
the detectors were took back school on Friday (which was usually happened), they were 
placed back in the field on Sunday. Data stored in the detector were downloaded 
immediately after they were taken out of the road. Due to technical problems, the data 
might not be valid. Then, the test for the scenario had to be repeated until sufficient 
number of days with valid data was obtained.
The tests were run from December 6, 2006 to March 30, 2007. Table 2 lists the days 
that have validate data available for analysis.
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Table 2 Days with Valid Data for Analysis
f ‘ Location
Before 
(No SMD) Small Sign Big Sign
Big & Fast 
Flashing
Big & Slow 
Flashing Slow Down
1/9/07
1/10/07
1/11/07
1/19/07
1/25/07
1/26/07
1/29/07
1/30/07
1/31/07
2/1/07
3/2/07
3/21/07
3/22/07
3/23/07
3/5/07
3/6/07
3/7/07
3/8/07
3/9/07
3/12/07
3/13/07
3/27/2007
3/28/2007
3/29/2007
3/30/2007
2"“* Loeation
No SMD No SMD Small Sign Small Sign Small Sign Small Sign
1/9/07
1/10/07
1/11/07
1/19/07
1/25/07
1/26/07
1/29/07
1/30/07
1/31/07
2/1/07
3/2/07
3/21/07
3/22/07
3/23/07
3/5/07
3/6/07
3/7/07
3/8/07
3/9/07
3/12/07
3/13/07
3/27/2007*
3/28/2007*
3/29/2007*
3/30/2007*
* No data for t le  left lane
4.3 Data Analysis
4.3.1 Profile of Speed Reduction and Speeding Rate 
Based on the data collected for the scenarios in the days listed in Table 2, average 
speed was derived for each scenario and provided in Table 3. It can be found from Table 
3 that, when there was no SMD deployed at the site, vehicles including all types together 
in the left lane at the first location ran at 70.2 mph on average (the speed limit was 45.0 
mph at the site). With SMDs of different features, the average speeds were reduced by 
the amount varying from 4.7 mph to 8.8 mph. Among the three types o f vehicles, 
passenger vehicles and single-unit trucks reduced their speed more significantly than the 
multi-unit trucks. For the vehicles traveling in the right lane, it can be seen that they ran 
at 65.6 mph on average in the before condition, if  all types of vehicles are considered. 
This average is about 5.0 mph lower than that in the left lane. This indicates that vehicles 
in the left lane ran faster than those in the right lane, which is consistent with our
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perception. It can also be found from Table 3 that the amount of speed reduction of right 
lane seems similar to that in the left lane. Among the three types of vehicles, multi-unit 
trucks ran the slowest, and reduced their speed slightly.
From Table 3 it can also be noticed that the average speed at the second locations 
were 69.2 mph and 60.0 mph for the left and right lanes, respectively, in the before 
condition (no SMD deployed). The average speed in the left lane at this location was 
similar to that (70.2) at the same lane at the first location; however it was not the same for 
the average speed in the right lane (65.6). The smaller average speed at the second 
location may be contributed by the 2-3 % uphill slope between these two locations. It can 
also be seen that speeds were reduced by 5.9 mph (69.2-63.3) in the left lane and about
2.3 mph (60.0-57.7) in the right lane when there was a small sign at the first location, 
about 2,000 ft upstream from the second location. The speed reduction at the first 
location was 6.8 mph (70.2-63.4) in the left lane and 7.0 mph (65.6-58.6) in the right 
lane. These reductions at the first location decayed by 0.9 (6.8-5.9) mph and 4.7 (7.0-2.3) 
mph over the 2,000 ft. This rate of speed reduction can be used to determine the location 
to deploy the additional SMDs if needed.
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Table 3 Comparison o f Average Speed for All Vehicles
Location 2"‘* Location
go  o
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I p
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All
70.2 63.4 61.3 65.4 64.4 65.4 69.2 63.3 57.2 59.9 58.6 N/A
Diff 6.8 8.9 4.8 5.8 4.8 Diff 5.9 12 9.3 10.6 N/A
Passen­
ger Car
69.3 62.1 60.9 64.9 63.1 64.4 68.3 63.9 57.3 59.4 57.6 N/A
Diff 7.2 8.4 4.4 6.2 4.9 Diff 4.4 11 8.9 10.7 N/A
Single
Unit
74.3 67.6 65.7 69.1 69.1 70.5 73.4 68 59.9 63.1 62.3 N/A
Diff 6.7 8.6 5.2 5.2 3.8 Diff 5.4 13.5 10.3 11.1 N/A
Multi-
Unit
60.3 59.3 55.3 57.4 57.7 59.1 59.8 56.2 51.7 55.6 56c3 N/A
Diff 1 5 2.9 2.6 1.2 Diff 3.6 8.1 4.2 3.5 N/A
Ihj
1
All
65.6 58.6 57.6 59.9 61 58.7 60 57.7 52.9 53.6 55.3 51.8
Diff 7 8 5.7 4.6 6.9 Diff 2.3 7.1 6.4 4.7 8.2
Car
64.7 58 57.3 59.7 60.3 58.2 60.5 58 53.2 54 54.9 51.9
Diff 6.7 7.4 5 4.4 6.5 Diff 2.5 7.3 6.5 5.6 8.6
Single
Unit
69.5 61 60.1 62.5 63.3 61.7 61.8 59 53.4 53.8 55.1 52.7
Diff 8.5 9.4 7 6.2 7.8 Diff 2.8 8.4 8 6.7 9.1
Multi-
Unit
59.6 56.1 54.3 55.6 57 54.5 53.4 53.2 49.6 50.2 5CL8 49.2
Diff 3.5 5.3 4 2.6 5.1 Diff 0.2 3.8 3.2 2.6 4.2
* A SMD with small sign at the first location and no SMD at the second location
** A SMD with indicated features at the first location and a SMD with small sign at the 
second location
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Looking at the data in Table 3 for the left lane at the second location, especially for 
the data for the mix of all vehicle types, it can be seen that the average speeds for the four 
features (ranging from 57.2 mph to 59.9 mph) were smaller than that in the before 
conditions (69.2 mph). The reduction in speed was about 10 mph. The data for the right 
lane show that there were also significant reduction in speed from 60.0 mph (the before 
condition) to a level ranging from 51.8 mph to 55.3 mph. It appears that the motorists 
made additional speed reduction responding to the SMDs that were tested with different 
features.
Table 4 provides the results for vehicle running at excessively high speed. The results 
in Table 4 indicate that, when there was no SMD deployed, on both the left and right 
lanes at the first location , about 97% of vehicle were running over the speed limit 45 
mph set up for the test site. And the maximum speed difference is 60 and 50 respectively. 
The SMDs with varying features brought down the speeding percentage by the amount 
ranging from 1% to 7%. The “Big Sign” brought down the Maximum Difference, 
Minimum Difference, and Average Difference most among all tested features.
When looking at the performance of the SMD to the speeding vehicles at the second 
location. Table 4 indicates that the speeding percentages are 98.2 and 95.0 for the left and 
right lanes, respectively, when there was no SMD deployed. And the maximum speed 
difference is 60 and 57 respectively. With a SMD deployed at this location, the speeding 
percentages were further decreased to lower levels. However, among all these features, 
with the “Big Sign” tested 2,000 feet downstream at the first location, the second SMD 
brought down the speeding percentage most (91.4 for the left lane and 68.6 for the right 
lane).
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Table 4 Excessive Speeding Vehicles Rate and Sample Size
E* Location 2"‘‘ Location
1
PQ
1m m SI
m
1
t c
m
1
Q
1
ùO
1
m 1
00
m 00 ks
1
So ^  
m
1
Q
100
Speeding Rate% 97.5 93.8 92.4 95.8 96.4 95.9 98.2 94.8 91.4 93 91.4 N/A
MAX Diff 60 59 53 56 55 57 60 56 49 47 51 N/A
It MIN Diff 1 I 1 1 1 1 1 1 1 1 1 N/Au
AVE Diff 25.62 19.5 18.01 21.03 20.09 21.5 24.59 19.23 13.46 15.85 14.91 N/A
VAR 92.83 97.46 97.59 88.06 85.92 117.06 91.83 77.17 64.5 79.17 75.18 N/A
Sample Size 1888 2889 2032 1464 1968 1875 1761 2559 1443 1262 1714 N/A
Speeding Rate
% 97 91.9 90.3 93.4 93.8 92.4 95 92.1 68.6 88.1 91.1 84.3
MAX Diff 50 49 45 40 46 41 57 52 49 52 52 50
M MIN Diff 1 1 1 1 1 1 1 1 1 1 1 1
Pi AVE Diff 16.34 13.93 9.53 10.07 11.49 8.58 21.17 15.12 14.28 16.26 17.26 15.13
VAR 71.74 65.02 44.05 44.53 54.97 38.64 120.49 89.22 92.48 100.83 98.93 95.66
Sample Size 2475 3715 2363 1771 2208 2271 2459 3420 2329 1725 2126 2355
* Speeding Rate: the percentage of vehicles with the speed that is higher than the speed 
limit.
*MAX Diff: the maximum difference between speeding vehicles’ speed and the speed 
limit.
*MIN Diff: the minimum difference between highest speeding vehicles’ speed and the 
speed limit.
*AVE Diff: the average difference between lowest speeding vehicles’ speed and the 
speed limit.
*VAR: the variance of the speeding vehicles’ speed.
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The comparisons between the signs with different features and the before condition 
were made based on t-test. In this comparison, all three types o f vehicles were 
considered, regardless of whether they were running in free-flow condition or not.
Table 5 lists the results of the comparisons between different features of the SMD 
based on hypothesis tests when all types o f vehicles were considered together. For 
vehicles in the left lane at the first location, it can be seen from the upper part o f the table 
that the speeds of vehicles in the before condition were significantly higher than those 
when the SMD was deployed with different features. In other words, the SMDs tested 
with different displaying features brought down speed significantly.
In Table 5, the labels in the row for “Big” are all “<”, and the labels in the “Big” 
column is “>”. These labels imply that the SMD with the feature of “Big no flashing 
sign” reduced speed more than all the other features tested in this study. The three “<“ ’s 
in the row of “Small” indicates that the SMD with small sign reduced more speeds than 
the SMDs with the flashing features and the “Slow Down” message did. The label for the 
cell corresponding to the row of “Big & Fast Flash” and the column of “Big & Slow 
Flash” is “>”, which indicates that the big sign with slow flashing performed better than 
that with fast flashing in slowing down traffic. The labels in the “Slow Down” column 
are all “<“, except for comparing with the before condition, which means that the “Slow 
Down” feature didn’t outperform any other features.
Table 6 shows the hypothesis test result o f excessive speeding vehicles in percentage, 
and the similar situation can be seen from this table.
As far as the traffic in the right lane at the first location is concerned, the results at the 
bottom of the table 5 indicate a similar performance pattern between different features of
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SMDs. One major difference was that the “Big & Fast Flash” feature outperformed the 
“Big & Slow Flash” feature in bringing down speeds. Another difference is that the 
“Slow Down” feature reduced more speed than the big sign with flashing features. In 
addition, it performed equally well comparing with the small sign. These observations 
may imply that these features of fast flashing and “Slow Down” may not be well 
recognized by the traffic in the left lane since the vehicles in the left lane ran faster than 
those in the right lane and thus may not see the sign better. Also, they were relatively far 
to the signs than those in the right lane. Their views may also be blocked by the vehicle 
in the right lane.
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Table 5 Hypothesis "fest Results o f All Vehicles
1 ÏÏ S I
s
"I
t f
a  1
1 1
1
!
Before Condition > > > > >
Small > < < <
Big < < <
Big & Fast Flash > <
Big & Slow Flash <
Slow Down
(U
§
pt:
Before Condition > > > > >
Small > < <
Big < < <
Big & Fast Flash < >
Big & Slow Flash >
Slow Down
Note: and “=” indicate that the mean speed in condition described by the row
title is higher than, smaller than, or equal to that in the condition implied by the column 
title, respectively.
Table 6 Hypothesis Test Resu t of Excessive Speeding Vehicles in Percentage
e
GO
ÏÏ i s
s
1
s
1
Q
1
03
Before Condition > > > > >
(Uc Small > < < <
H-l Big < < <
Big & Fast Flash = =
H-l Big & Slow Flash =
Slow Down
Before Condition > > > > >
<u
« Small > < = >
H-l Big < < <
Big & Fast Flash = =
Pi Big & Slow Flash >
Slow Down
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4.3.2 Analysis for Vehicles Running at Free-Flow Condition 
Identifying vehicles running in free-flow condition
To distinguish vehicles running in free flow conditions from those running in 
platoons, a program was written to execute the CUSUM algorithm on the headway data 
of different lanes at these two locations sequentially. It can be seen from the methodology 
on the CUSUM algorithm that it is necessary to know the probability distributions of 
headways in free flow and platoon conditions, and the threshold for comparing the 
difference between the cumulative sum at current time and the maximum cumulative sum 
(i Cy, &*).
To develop the probability distributions of headways, traffic at the first location of the 
test site was recorded using a digital video for two hours from 9:00 am to 11:00 am 
(which is the same time period that the tests were conducted) on April 5, 2007. During 
the recording, there was no SMD deployed. The recorded video was downloaded to the 
computer, and the headways between vehicles were read based on the timestamps 
displayed on the computer screen. Whether a vehicle was running in free flow conditions 
can be observed from the video based on vehicles’ following behaviors. Thus, the 
headway can be labeled as being in free flow conditions or platoon, correspondingly. As 
a result, a sufficient number of headway data were collected (see Table 7).
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Table 7 Headway Probability Distributions
Category Number o f Headways Probability Distribution Parameters
Left
Within Platoon 353 a  = 0.64685, // = 0.67917
Free Flow Condition 176 À = 0.02783
Right
Within Platoon 379 a  = 0.62532, // = 0.96413
Free Flow Condition 243 À = 0.0405
Based on the results o f fitting probability density functions, the following 
distributions were found fitting the data very well: generalized Pareto, lognormal, 
exponential, Weibull, beta, and gamma. Among these distributions, exponential and 
lognormal distributions were selected for the headways in the free flow conditions and 
platoons, respectively, since these two distributions were chosen in previous studies on 
headways. Some studies showed that the distribution for headways in platoon may be 
different when the size of platoons is different. Such a complexity issue is left for future 
studies. Basically, these two probability density functions, exponential (Equation 4.1) 
and lognormal (Equation 4.2), can be expressed as follows:
/(.x ) = /lexp(-/b(:)
/ ( x )  = exp
(4.1)
(4 2)
The parameters in the fitted distributions are listed in Table 7.
The threshold for the difference between the cumulative sum and maximum 
cumulative sum was determined through an iteration process. The process starts with any 
given value for the threshold. For each value o f the threshold, the number o f vehicles
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running in free flow conditions but classified as running in platoon (f-p) is counted and 
vice versus (p-f). It was observed that these two numbers stabilized at a value after a 
certain number of iterations. Table 8 lists the f-p and p-f data for the headways for the left 
and right lanes separately. Apparently, the thresholds for left and right lanes were 
determined to be O.I and 0.0125, respeetively.
Table 8 The Process for Finding the hreshold for the CUSUM Algorithm
Left Lane Right Lane
Threshold p-f f-p Total Threshold p-f f-p Total
1 3 29 32 1 2 78 80
0.9 3 27 30 9 2 70 72
0.8 3 21 24 0.8 2 64 66
0.7 3 18 21 0.7 2 60 62
0.6 5 15 20 0.6 2 49 51
0.5 5 11 16 0.5 4 43 47
0.4 11 8 19 0.4 5 36 41
0.35 13 5 18 0.35 7 36 43
0.3 13 5 18 0.3 10 27 37
0.25 14 4 18 0.25 12 27 39
0.2 15 4 19 0.2 14 24 38
0.1 21 2 23 0.1 17 18 35
0.05 22 1 23 0.05 21 17 38
0.01 22 1 23 0.025 24 15 39
0.0125 28 15 43
0.01 28 15 43
0.005 28 15 43
0.001 28 15 43
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Table 9 Comparison of Average Speed for Vehicles in Free Flow Condition
f  Location 2"‘' Location
co o
11m o
u
1 2?m i t
m
I
Î Îc/3
I I00 Q
c(D O
m o
u
*
1
**
GO
(5
I:
m ^
I
00
*
! ;m  6 
Q
(D
§
All
69 9 6L3 61.9 65 64.9 662 692 626 57.1 59.7 58.4 N/A
Diff 6.6 8 4.9 5 3.6 Diff 6.6 12.1 9.5 10.8 N/A
Passen­
ger Car
70.1 622 62.1 64.6 64.8 652 68.1 623 57.9 59.6 58.5 N/A
Diff 7.9 8 5.5 5.3 4.3 Diff 5.8 10.2 8.5 9.6 N/A
Single
Unit
73.9 628 65.5 69 70.2 71.7 72.8 66.5 59 622 60.5 N/A
Diff 6.1 8.4 4.9 3.7 2.2 Diff 6.3 13.8 10.5 12.3 N/A
Multi-
Unit
57 58 54.7 57 57.2 562 58 54.4 50.6 54.6 56 N/A
Diff -1 2.3 0 -0.2 0.7 Diff 3.6 7.4 3.4 2 N/A
Og
■S)
(5
All
&18 59.1 5&3 60.6 61.5 592 60.4 57.7 46.2 53.7 55.3 52.4
Diff 6.7 7.5 5.2 4.3 6.5 Diff 2.7 14.2 6.7 5.1 8
Passen­
ger Car
65 j 5&5 582 61 623 59 61.8 58.4 54.5 54.6 56.4 53
Diff 7.3 7.5 4.8 3.5 6.8 Diff 3.4 7.3 7.2 5.4 8.8
Single
Unit
70.1 62.4 61.6 626 632 622 61.6 582 54 53.9 55.3 52.9
Diff 7.7 8.5 7.5 6.8 7.8 Diff 3 7.6 7.7 6.3 8.7
Multi-
Unit
58.7 55.7 529 55.5 552 54.1 53.0 52.6 49.5 49.2 50.7 48.7
Diff 3 5.8 3.2 2.9 4.6 Diff 0.4 3.5 3.8 2.3 4.3
* A SMD with small sign at the first location and no SMD at the second location 
** A SMD with indicated features at the first location and a SMD with small sign at the 
second location
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Table 10 Hypothesis Test Results of Vehicles in Free Flow Condition
First Location
1 s
ÎPu
%
P u
OX)
s
1PC
1
OX)
s
I
Q
1
Before Condition > > > > >
a Small > < < <
Big < < <
oh-l
Big & Fast Flash = <
Big & Slow Flash <
Slow Down
Before Condition > > > > >
<u Small > < < =
ca
Big < < <
Big & Fast Flash = >
P4 Big & Slow Flash >
Slow Down
\lote: and “=” indicate that the mean speed in condition described by the row
title is higher than, smaller than, or equal to that in the condition implied by the column 
title, respectively.
Average speeds for vehicles running in free flow condition were derived for each 
scenario and provided in Table 9, in which the data indicates the similar results with the 
Table 3. It can be found from Table 9 that, vehicles in free flow condition in the left lane 
(69.9) ran faster than those in the right lane (65.8), which is consistent with our 
perception. The amount o f speed reduction in the right lane seems similar to that in the 
left lane. Among the three types o f vehicles, multi-unit trucks ran the slowest, and 
reduced their speed slightly.
It can also be found from Table 9 that it appears that the motorists running in free 
flow condition made additional speed reduction responding to the SMDs that were tested 
with different features too, and the “Big Sign” scenario performs best.
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Comparing the Table 3 (all vehicles) and Table 9 (vehicles in free flow condition), 
the average speed of vehicles running in free flow condition o f each scenario was close to 
those o f all vehicles, so was the speed reduction. And this indicates that if  the speed of 
vehicles running in free flow condition is reduced, the whole speed will be reduced too. 
And the key point that how to make the SMD effectively is how to reduce the speed of 
vehicles in free flow condition more.
Table 10 lists the results o f the comparisons between different features of the SMD 
based on hypothesis tests when vehicles only running in free flow condition were 
considered. The results are similar with the results from Table 5.
• The SMDs tested with different displaying features, all brought down speed 
significantly.
• The SMD with the feature of “Big Sign” reduced speed more than all the other 
features tested in this study
• The SMD with small sign reduced more speeds than the SMDs with the flashing 
features and the “Slow Down” message did
• The flashing does not work well in reducing the speed because the hypothesis test 
shows there is no difference between the average speed in “Big & Fast Flash” and 
that in “Big & Slow Flash”
• For left lane, the “Slow Down” feature didn’t outperform any other features; 
however, for the right lane, it performed better than the SMD with both features 
of “Big & Fast Flash” and “Big & Slow Flash”.
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Disaggregate modeling o f vehicle responses
In this study, x.^  consists of interaction variables between scenarios and type of
vehicles. These interaction variables as can be seen in the following tables are denoted as: 
Small Car, Small T, Small T+1, Big Car, Big T, Big T+1, BigF Car, BigF T, BigF T+1, 
BigS Car, BigS T, BigS T+1, Warning Car, Warning T, Warning T+1, Before Car,
Before T, and Before T+1. With these interaction variables, the impact of different 
scenarios on a vehicle o f a particular type and the impact o f a certain scenario on 
different type o f vehicles can be identified.
Table 11 shows the modeling results for left lane. Based on the results listed in Table 
11, the relative performance o f the scenarios in reducing the likelihood of one type of 
vehiele speeding ean be observed by comparing the corresponding eoeffieients with those 
in the before eondition. For passenger vehieles, the small sign and the big sign with no 
flashing have negative eoeffieients. The coeffieient for the passenger vehicles in the 
before eondition is zero. The comparison between these two negative eoeffieients and the 
zero value implies that these two seenarios redueed the speeding likelihood of passenger 
vehieles. Additionally, these two negative eoeffieients are not signifieantly different from 
each other. This indieates that these two different signs performed equally well for the 
passenger vehicles. For multi-unit trueks, the eoeffieients for the before eondition is 
negative which indicates that this type of trucks were less likely to run over speeds than 
the single unit truek whieh is the base to eompare with. The eorresponding eoeffieients 
for the tested seenarios (small sign, big sign with no flashing, and warning sign, that are 
significant in the modeling) are all negative. By eomparing these negative eoeffieients 
with that in the before condition, it can be found that they are not signifieantly different,
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which suggests that these scenarios did not reduce the likelihood of multi-unit vehicles 
running over speeds in these tested scenarios. For the single unit trucks, only the 
coefficients for the small sign and the big sign with no flashing are negative. Since the 
single unit trucks in the before condition is the base used in the modeling, which implies 
that its coefficient is zero, these two scenarios reduced the likelihood of speeding of 
single unit trucks. Note that there are no coefficients significant for the big sign with 
flashing features, which implies that the vehicles of all three types including the multi­
unit truck under these scenarios of flashing feature had the same likelihood of speeding as 
the single-unit trucks under the before conditions.
The relative performance of the scenarios in reducing the actual speed can be 
analyzed based on comparing the coefficients of the combinations of the scenarios and 
vehicle type in Table 11. For the passenger vehicles, the coefficients for the five 
scenarios are significantly negatively smaller (ranging from -8 t o -11) than that for the 
before condition (-3.906269). This indicates that passenger vehicles were running at 
significantly lower speed under the tested scenarios than in the before condition. It can be 
further observed that the coefficients among the tested scenarios for the passenger 
vehicles are the same statistically, which tells us that the passenger vehicles responded to 
them in a similar way. The coefficients for multi-unit trucks o f all the tested scenarios 
and that of before condition are negative, and they are all on the same level. This result 
indicates that the tested scenarios didn’t bring down speeds of multi-unit trucks in the left 
lane significantly. For the single unit trucks, the coefficients for all the tested scenarios 
were negative. Comparing with the before condition for which the coefficient is zero.
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these scenarios did reduce single unit truck speeds. Apparently, the amount of speed 
reduction under the big sign was significantly more than that under the warning sign.
In summary, only the small and non-flashing big sign significantly reduced the 
likelihood of speeding for passenger vehicles and single unit trucks in the left lane. All 
the tested scenarios did bring down the speed significantly for the passenger vehicles and 
single unit trucks, but not the multi-unit trucks.
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Table 11 Modeling Results for Left Lane at Location 1
Left Lane Likelihood Model at Location 1
BINARY 1 Coef. Std. Err. P> 1 z 1 [95% Conf. Interval]
Small Car I -.6881046 . 18 6 2 9 8 2 - 3 . 6 9 0.000 -1.053242 - . 3 2 2 9 6 6 9
Small T1+ 1 -1.403169 .4166719 -3.37 0.001 -2.219831 -.586507
Small T1 1 -.6350619 . 280 654 - 2 . 2 6 0 . 0 2 4 -1.185134 -.08499
Big Car I - . 6 8 8 3 3 3 5 . 2 09 3 3 2 1 - 3 . 2 9 0.001 -1.098617 -.2780502
Big T1+ 1 -1.567472 . 3 2 9 2 5 5 6 -4 .76 0 . 0 0 0 -2.212801 -.9221429
Big T1 1 -1.273559 . 2 7 2 6 5 9 8 -4 . 67 0 . 000 -1.807963 -.7391559
Warning T1+ | -1.870658 . 3 2 4 2 2 2 2 -5.77 0.000 -2.506122 -1.235194
Before T1+ | -1.573742 . 3 9 5 5 2 9 2 - 3 . 9 8 0 . 0 0 0 - 2 . 3 4 8 9 6 5 - . 7 9 8 5 1 8 5
const 1 3 . 4 6 4 5 9 2 .1121457 3 0 . 8 9 0 . 0 0 0 3 . 2 4 4 7 9 3 . 6 8 4 3 9 3
Log likelihood = -915.82032
Number of obs 4860
LR chi2(8) — 68. 37
Prob > chi2 0.0000
Left Lane Regression Model at Location 1
SPEEDRED 1 Coef. Std. Err. t p> 11 1 [95% Conf. Interval]
Small Car I -11.68193 . 9 2 2 7 9 4 6 - 1 2 . 6 6 0 . 0 0 0 -13.49103 - 9 . 8 7 2 8 3 3
Small T1+ 1 - 1 5 . 8 6 8 4 9 1.655881 - 9 . 5 8 0.000 -19.11476 - 1 2X%^21
Small T1 1 - 6 . 0 4 4 8 9 4 1.067027 - 5 . 6 7 0 . 0 0 0 -8.136752 -3.953037
Big Car I -11.82082 . 9 5 6 7 3 9 -12.36 0 . 0 0 0 -13.69646 -9.94518
Big T1+ 1 -19.15635 1.440494 -13.30 0 . 0 0 0 - 2 1 ^ U m 3 8 -16.33233
Big T1 1 - 8 . 3 7 0 6 4 9 1 . 1 8 5 3 7 9 -7.06 0 . 0 0 0 -10.69453 -6.046769
BigF Car I - 9 . 2 3 9 2 4 1 .9879401 - 9 . 3 5 0 . 0 0 0 -11.17605 - 7 . 3 0 2 4 3
BigF T1+ 1 -16.85604 2 . 0 7 8 3 8 4 -8 .11 0 . 000 - 2 0 ^ n 0 6 2 - 1 2 . 7 8 1 4 7
BigF T1 1 -4 . 91 09 3 1 1 . 3 4 5 0 0 3 -3.65 0 . 000 -7.547749 - 2 . 2 7 4 1 1 4
BigS Car I -9.062205 . 9 8 2 2 4 5 5 - 9 . 2 3 0.000 -10.98785 -7.136558
BigS T1+ 1 - 1 6 . 6 6 8 7 1 1.462078 -11.40 0 . 0 0 0 -19.53504 -13.80237
BigS T1 1 -3.648901 1.265884 - 2 . 8 8 0.004 - 6 . 1 3 0 6 0 8 -1.167194
Warning Car | -8.097794 . 9 70 8 0 6 8 - 8 . 3 4 0 . 0 0 0 -10.00102 -6.194572
Warning Tl+ I -17.61189 1.530857 -11.50 0 . 0 0 0 -2 0.61306 -14.61071
Warning T1 | - 2 . 1 4 3 6 8 3 1.163502 -1 . 84 0.065 -4 . 42 46 7 4 .1373084
Before Car | - 3 . 9 0 6 2 6 9 . 9 7 2 7 9 8 -4.02 0.000 - 5 . 8 1 3 3 9 5 -1.999143
Before T1+ | -16.85183 1.665974 -10.12 0 . 000 -20.11789 -13.58576
Const 1 2 8 . 8 8 4 6 2 . 8 34 6 99 1 3 4 . 6 0 0 . 0 0 0 2 7 . 2 4 8 2 3 30.521
Number of obs = 4860
F( 17, 4842) = 3 9 . 6 8
Prob > F = 0 . 0 0 0 0
R-squared 0 . 1 2 2 3
Ad] R-squared = 0.1192
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Table 12 shows the modeling results for right lane. The coefficients for the passenger 
vehicles and the single unit trucks are all negative for all these five tested scenarios, and 
all on the same level, while those two in the before condition are zero. This result 
indicates that all these five scenarios were equally effective in reducing the speeding 
likelihoods for these two types o f vehicles running in the right lane. For the multi-unit 
trucks, the coefficients are on the same level for all the tested scenarios and the before 
condition, which suggests that these scenarios did not reduce the speeding likelihood for 
multi-unit trucks in the right lane.
As far as the speed is concerned, the result in the bottom part of Table 12 indicate that 
the negative coefficients for the passenger vehicles and multi-unit trucks of all the five 
tested scenarios are negatively smaller than those in the before condition, which means 
that these five scenarios were effective in bringing down speeds for these two types of 
vehicles. Highly likely, for multi-unit trucks, the amount of speed reduced by the no 
flashing big sign was more than those by other scenarios including the small sign. The 
coefficient for the single unit trucks in the before condition is zero, while those in the 
other scenarios are negative and on the same level, which indicates that these five 
scenarios were equally effective in reducing the speed o f single unit trucks in the right 
lane.
Based on the analysis of the results for the right lane, it can be summarized that all 
these five scenarios reduced the speeding likelihood for all types of vehicles in the right 
lane and reduce their speed correspondingly. These five scenario performed equally well 
in both reducing speeding likelihood and reducing speed, except that the no-flashing big
49
sign was more effective in bringing down speed for the speeding multi-unit trucks in the 
right lane.
It clearly shows that the performance o f the scenarios at right and left lanes performed 
differently. As far as the speeding likelihood was concerned, only the small and non­
flashing big signs were effective for the passenger vehicles and single unit trucks in the 
left lane, while in the right lane, all these five scenarios were effective for the passenger 
vehicles and multi-unit trucks (not single unit trucks) in the right lane. In terms of speed 
reduction, all the tested scenarios can be effective both at left and right lanes. It is highly 
possible that the non-flashing big-sign performed better than other scenarios including 
the small sign in bringing down speed for the multi-unit trucks in the right lane.
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Table 12 Modeling Results for Right Lane at Location 1
Right Lane Likelihood Model at Location 1
BINARY 1 Coef. Std. Err. z P>|z| [95% Conf. Interval]
Small Car | -1.473691 . 2 66 8 6 6 2 -5.52 0 . 0 0 0 -1.996739 - . 9 5 0 6 4 2 3
Small T1+ 1 -1.773162 .3215341 -5.51 0 . 0 0 0 - 2 . 4 0 3 3 5 7 - 1 . 1 4 2 9 6 7
Small T1 1 -1.244079 .3104206 -4.01 0 . 000 -1.852492 -.6356655
Big Car | -1.525425 . 2 78 0 94 4 -5.49 0 . 0 0 0 - 2 . 0 7 0 4 8 - . 9 8 0 3 7 0 5
Big T+1 1 -2.143174 . 3 31 7 88 2 -6.46 0 . 000 - 2 . 7 9 3 4 6 7 - 1 . 4 9 2 8 8 1
Big T1 1 -1.615429 . 3 2 0 3 9 1 8 -5 . 04 0 . 0 0 0 - 2 . 2 4 3 3 8 5 -.9874722
BigF Car | -1.103402 . 3 03 4 5 2 3 -3.64 0 . 0 0 0 -1.698158 - . 5 0 8 6 4 6 3
BigF T+1 1 -1.72196 .3975149 - L . 3 3 0 . 0 0 0 -2.501075 - . 9 4 2 8 4 5 3
BigF T1 1 -1.180363 .3815511 -3.09 0 . 0 0 2 -1 . 928189 - . 4 3 2 5 3 6 5
BigS Car | - . 7 5 8 3 6 8 5 .3165131 -2.40 0.017 -1.378723 -.1380143
BigS T+1 1 -1.927577 .3416597 -5.64 0 . 0 0 0 - 2 . 5 9 7 2 1 8 -1.257937
BigS T1 1 -1.258324 .3517057 -3.58 0 . 0 0 0 -1.947655 -.5689941
Warning Car \ -1.205231 .2912159 -4.14 0 . 0 0 0 -1.776004 - . 6 3 4 4 5 8 3
Warning T+1 t -1.999661 . 3 4 7 3 4 8 9 -5.76 0 . 0 0 0 - 2 . 6 8 0 4 5 3 -1.31887
Warning T1 I -1.330481 . 3 2 5 0 6 6 2 -4.09 0 . 0 0 0 -1.967599 - . 6 9 3 3 6 3 3
Before T+1 | -1.368415 . 3 6 5 8 7 9 8 -3.74 0 . 000 - 2 . 0 8 5 5 2 6 -.6513039
Const 1 3 . 8 8 8 4 1 3 . 2 3 8 1 0 1 6 1 6 ^ ^ 0 . 0 0 0 3.421743 4 . 3 5 5 0 8 4
Log likelihood = -1579.7076
Number of obs 6467
LR chi2(16) 9 1 . 6 4
Prob > chi2 0.0000
Right Lane Regression Model at Location 1
SPEEDRED 1 Coef. Std. Err. t p>lt[ [95% Conf. Interval]
Small Car I - 1 1 . 5 4 8 0 9 . 7 45 4 37 2 - 1 5 . 4 9 0 . 0 0 0 - 1 3 . 0 0 9 4 - 1 0 . 0 8 6 7 9
Small T1+ 1 - 1 4 . 4 2 0 3 . 9 9 69 2 7 -14.46 0 . 0 0 0 -16.37461 -12.466
Small T1 1 - 7 . 6 8 5 0 8 6 .8554727 0 . 0 0 0 - 9 . 3 6 2 0 9 7 - 6 . 0 0 8 0 7 6
Big Car | -11.7634 . 7 8 9 9 9 1 7 - 1 4 . 8 9 0 . 000 -13.31205 -10.21476
Big T1+ t -17.23484 1.134715 -15.19 0 . 0 0 0 -19.45926 -15.01042
Big T1 1 - 8 . 4 6 6 4 9 . 9 57 6 9 7 8 - 8 . 8 4 0 . 0 0 0 -10.3439 - 6 . 5 8 9 0 8 4
BigF Car I - 9 . 0 7 9 3 8 3 .8153221 -11.14 0 . 0 0 0 -10.67768 -7.481081
BigF T1+ 1 - 1 4 . 5 6 9 5 8 1 . 2 7 3 6 6 2 -11.44 0.000 - 1 7 . 0 6 6 3 8 - 1 2 . 0 7 2 7 9
BigF T1 1 -7.473157 1 . 0 4 2 8 0 6 -7 .17 0 . 000 -9.517403 -5.428911
BigS Car | -7.763106 . 7 9 9 8 9 5 5 -9.71 0 . 0 0 0 - 9 . 3 3 1 1 6 6 -6.195045
BigS T1+ 1 - 1 4 . 2 4 8 7 9 1 . 1 1 9 6 2 2 -12.73 0 . 0 0 0 -16.44362 - 1 2 . 0 5 3 9 6
BigS T1 [ - 6 . 7 6 5 2 1 8 . 9 7 8 4 3 4 5 - 6 ^ U 0 . 000 - 8 . 6 8 3 2 7 4 -4.847161
Warning Car | -11.06096 . 7 9 4 8 9 5 -13.91 0 . 0 0 0 - 1 2 J U 9 2 2 - 9 . 5 0 2 7 0 4
Warning T+1 1 -15.94696 1 . 1 6 5 2 0 4 - 1 3 . 6 9 0 . 0 0 0 -18.23115 -13.66278
Warning T1 | - 7 . 7 6 9 4 1 9 . 9 14 6 8 6 8 - 8 . 4 9 0 . 000 - 9 . 5 6 2 5 0 9 - 5 . 9 7  633
Before Car | - 4 . 2 8 7 8 2 1 . 7 9 6 9 9 7 9 -5.38 0 . 0 0 0 - 5 . 8 5 0 2 0 1 - 2 . 7 2 5 4 4
Before T+1 | -11.34827 1 . 0 4 9 6 5 1 -10.81 0 . 0 0 0 -13.40593 - 9 . 2 9 0 6 0 3
Const 1 2 5 . 0 9 2 9 5 . 6 4 3 6 3 3 9 3 8 ^ ^ 0 . 0 0 0 2 3 . 8 3 1 2 1 2 6 . 3 5 4 6 8
Number of obs = 64 67
F( 17, 6449) = 3 9 . 1 9
Prob > F = 0 . 0 0 0 0
R - s q u a r e d  — 0 . 0 9 3 6
Adj R-squared = 0.0912
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4.3.3 Cost and Benefit Analysis 
The objective of the benefit and cost analysis was to determine the characteristics of 
work zones that can receive benefits from using the Speed Monitoring Display on 
principal arterials like Cr-215. Thus, the benefit and cost were calculated for individual 
work zone projects.
The benefit caused by the reduction of accidents can be estimated based on costs that 
would be saved for these accidents not happening. According to Stuster et al. (1998), “a 1 
km/h change in speed can expect to result in a 3% change in the number of crashes”. 
Thus, if  the total change in speed is expressed as (mph), the change in the number of 
crashes can be estimated as;
where denotes the total number of crashes estimated to happen in a work zone
area. The number 0.6213 is a conversion factor. In this study, A^  was the speed reduction
caused by using SMDs tested in work zones. Only two categories of crashes were 
considered: fatal and non-fatal. If needed, more categories o f crashes can be adopted. 
With the total number of crashes estimated for these two categories of crashes, the 
number of crashes that can be avoided due to the speed reduction can be calculated using 
the equation below:
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Since crash rate is known (at least on a national level) for different categories of 
crashes, the total number of crashes in these categories can be derived for a road segment 
in a work zone as follows:
Ok6)
JVnmr-JbA,/ =  ( 4 . 7 )
( 4 . 8 )
where , and , are crash rates for fatal and non-fatal crashes, respectively; 7^ ,^, and 
Lon-fatal dcnotc thc crash rates for these two categories o f crashes; and VMT represents
the vehicle miles traveled by the vehicles through the work zone. From Sinha and Labi 
(2007), it was found that the fatality and non-fatality rates for a principal arterial are 1.3
and 124.69 per 100 million VMT, respectively. These two numbers were used in this
study.
For a work zone with traffic volume of AADT, the VMT can be estimated as:
VMT = A A D T x L x D  (4.9)
where L denotes the distance over which vehicles keep their reduced speeds. It may not 
be the length of the entire work zone since vehicles may pick up their speed later after 
they pass a SMD. In this study, the result indicated that the vehicles reduced their speeds 
when they passed the SMD and kept the reduced speed traveling through the entire work 
zone. Thus, the length of work zone was used in the calculation. The term D  represents 
the duration of a work zone. For this test site on Cr-215, the value of AADT in 2006 was 
found to be 138,000 vehicles.
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If the unit costs for these two categories o f crashes are available, the total cost saving 
(denoted as B for benefit) due to avoiding the occurrence o f these crashes can be 
estimated as:
~ j^atal^ fatal n^on-fatal^ non-fata! (^-X^)
where and , represent the unit costs for these two categories of crashes,
respectively. The KABCO severity scale is used by the investigating police officer on the 
scene to classify injury severity for occupants with five categories: K, killed; A, disabling 
injury; B, evident injury; C, possible injury; O, no apparent injury. These definitions may 
vary slightly for different police agencies. From Sinha and Labi (2007), it can be found 
that the unit costs for the crashes with severity level of K, A, B, C, O, are $3,654,299, 
$181,276, $46,643, $22,201, and $2,116, respectively. The unit cost for the fatality is 
$3,654,299, while that for the non-fatality crashes was derived as the average of the other 
four unit costs, which gives $63,059.
The costs for deploying SMD in a work zone consist of capital cost for purchasing 
SMDs (C) and maintenance (M):
T ; = C  + M  (4.11)
The costs that are regularly incurred for a sophisticated speed control system such as 
planning, design, and operation were not considered in this study because SMD is a 
relative simple technology. If more than one SMD is used, C is the total cost for 
purchasing all the SMDs:
C = m xc  (4.12)
where m is the number o f SMD, and c denotes the cost for purchasing one SMD. This 
capital cost can be annualized as:
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where i represents the interest rate and n is the life cycle o f SMD. In the calculation in 
this study, the interest rate was assumed to be 8%. The life cycle of a SMD was assumed 
to be 10 years. This percentage can be varied for different technologies. Because the 
duration o f a work zone may be shorter than a year, the capital cost may need to be 
distributed on a daily basis. In this case, daily interest rate can be calculated as 8% / 365
= 0.0219178%, and the daily cost can be denoted as Q  . Then, the capital cost for a work
zone project shorter than a year can be derived as;
C , = Q x D  (4.14)
Maintenance cost M is estimated as 50% of the capital cost:
M^ = 0.5 X c , or (4.15a)
M ^ = 0 . 5 x Q ,  (4.15b)
Note that equation 4.14 are for the total maintenance cost for the entire life duration of 
SMD or the daily based maintenance cost, respectively. The maintenance cost for a work 
zone project can then be written as:
M ^ = M ^ x D  (4.16)
Then, the total cost for a project can be calculated as:
(4.17)
Given the benefit (B) and cost (7^ ) estimated above, the benefit and cost ratio can be 
derived as B IT  , and it could be presented as:
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g  f^atal ^ Q 6213 f^atal + n^on-fatal ^ Q 6 2 1 3 ^ ^ ^ ^  n^on-fatal
~ l .SxC^xD
X 3% X X Vy^ ,^ + Cmw-yük,; ^ n^on-fatal )0.6213
l . S x Q x D
_ 0.6213
X 3% X ( Cy,,^ , X X FMT + C^_y;,,,, x 7;^ _^y^ ,^ , x FMT )
l.SxC^xDxlO"
0.6213
^  X 3% X FMT X (Cy,^, X x )
l . S x Q x D x l O "
_ 0.6213
X 3 %  X A 4 D T  X Z  X D  X ( C y ,^ ;  X x  )
l . S x Q x D x l O "
0 ^^ 1  ^ \ fatal jatal non-fatal non-Jatal )+6213--------------------------1_---------------------:----------------1 (4.18)
l . S x Q x l O "
Since both the benefit and cost have an element of duration (in days), the impact of 
this element on the benefit and cost ratio is diminished. As a result, only two parameters 
of a work zone are left as variables in this function, AADT and the work zone length. For 
a work zone with , Cy„,„,, , and given, the relationship between
these two parameters AADT and L that ean make this ratio greater than one could be 
derived.
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Table 13 Relationship between AADT and Work Zone Length under B/T is one
AADT Work Zone Length (Miles)
8169 0.1
4085 0.2
2723 0.3
2042 0.4
1634 0.5
1362 0.6
1167 0.7
1021 0.8
908 0.9
817 1
743 1.1
681 1.2
628 1.3
584 1.4
545 1.5
511 1.6
481 1.7
454 1.8
430 1.9
408 2
Figure 12 shows the relationship between AADT and the work zone length when the 
benefit and cost ratio is equal to 1. Because the AADT in this test segment is 138,000, the 
length of work zone to make the benefit and eost ratio equal is 0.006 mile (32 feet). The 
work zone length in this study was much longer than 32 feet. Thus, it is beneficial for 
deploying the SMD in this work zone.
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Figure 12 Relationship between AADT and Work Zone Length on Cr-215
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CHAPTER 5
TESTING SPEED MONITORING DISPLAY ON 1-15
5.1 Testing Plan
The similar scenarios as tested on Cr-215 were tested on 1-15, which includes: (1) 
Small sign with no flashing, (2) Big sign with no flashing, (3) Big sign with high flashing 
rate, and (4) Big sign with low flashing rate.
Note that the warning sign tested on Cr-215 was not included on 1-15 since the 
schedule was very tight comparing with that on Cr-215. In addition, the small sign tested 
on 1-15 was different from that on Cr-215. On Cr-215, the small sign was borrowed from 
the City o f Las Vegas, while that on 1-15 was using the SMD purchased for this study.
In addition to these scenarios, two SMDs in a work zone were also tested on 1-15. The 
test site was chosen on northbound 1-15 between Tropicana Ave. and Flamingo Rd.. The 
work zone was primarily a road widening project in which construction was in the 
median to add one traveling lane in each direction. When the test was conducted at the 
beginning, which was in late December 2006, there were three lanes open at the test site 
in each direction. During early March 2007, which was the time when the small sign and 
the two SMDs scenarios were tested, the construction work in the median was completed 
and the closed lane in the median was open. As a result, the road geometries at the test 
site were changed from three lanes open to four lanes open to traffic during the rest o f the 
test period.
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In the field test, the SMDs were set up on the median shoulder, not the most preferred 
right hand side. It is because there was no space on the right hand side shoulder for a 
SMD. This situation was different from the test on Cr-215 where the SMDs were set up 
on the right hand shoulder. This location may influence the effectiveness o f the SMD 
because motorists anticipate roadway information more on the right hand side than the 
left. Instead of stationing the SMD behind the concrete barriers during the months o f the 
test on Cr-215, the SMDs on 1-15 were set up temporarily for each test for the duration of 
about two hours. When the test was not performed, the SMDs were kept in a storage 
place behind the concrete barrier in the median that were close to the location where the 
SMDs were set up for the test. They were towed to the test location and set up each time 
the test was conducted. This setting up process took about ten to thirty minutes to 
complete, depending upon whether adjustments were needed to the speed sign.
Instead o f using the intrusive detector Nu-Metrics on Cr-215, a non-intrusive video 
detection technology, video cameras, was used in collecting the performance measures 
for evaluating the speed monitoring display. By using this non-intrusive technology, the 
needed traffic data can be collected without disrupting the traffic. Cameras were mounted 
on light poles in advance and following where the tested SMD was set up. Traffic 
running through the test site during the test was recorded. The videos were processed in 
the lab to obtain the traffic data needed for the evaluation. From Figure 13 it can be seen 
that four cameras were mounted at the site. The first camera was set up at light pole # 18, 
labeled as LP18, far upstream from the SMD. It was for capturing the traffic condition 
before the drivers actually saw the SMD. The distance between this camera and the SMD 
is long enough so that the motorists cannot see the SMD. The second camera was
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mounted on the light pole #22, labeled as LP22, eovering a 200-300 ft. area before the 
SMD. The radar gun on the SMD ean measure speeds for vehieles 500 ft away upstream 
running toward the SMD. Considering the pereeption-reaetion time motorist would take 
when they saw the SMD, this distanee was ealeulated that the response made by 
motorists after seeing the SMD ean be eaptured by this eamera. The third eamera was set 
up on the light pole #23, labeled as LP23, to eover the area where motorists immediately 
passed the SMD. Both the second and third cameras were intended to capture the whole 
response proeess o f motorists immediate after they saw the tested SMD. The fourth 
eamera was mounted at about 1,500 ft downstream the SMD. By this eamera, the traffie 
eonditions after motorists have seen the SMD for a while ean be reeorded.
The way the eameras were mounted on the light poles is showed in Figure 14. It ean 
be seen that a camera was first attaehed to a plastic pole whieh was then banded to the 
light pole. A power eord and a eommunieation wire line was eonneeted to the camera on 
the top of the pole and run down to the ground to eonneet to a pair o f batteries wired in 
parallel and to eonneet to a digital video reeorder (DVR). During the mounting o f the 
eameras, the heights o f the eameras to the ground were measured and reeorded for use in 
calibrating the video proeessor. During the tests, the angles o f the eameras were ehanged 
due to reasons sueh as strong winds, taking the viewing area off the area desired.
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Figure 13 Cameras Layout on the Test Site
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Figure 14 Camera Mounted on Light Pole 23 on 1-15
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5.2 Field Test
Given the cameras mounted on the four light poles and the SMDs stationed at the 
specific place in the work zone, tests were conducted for the five scenarios described 
above for the test plan one after the other. Table 14 lists the days the test was 
performed. For each test, a UNLV TRC van was used to carry the needed equipment, 
devices and tools to the site. At least two persons were present at the sites because of 
the safety reason. After connecting the cameras, the SMD was moved out of the 
storage place to the test location. The work zone area in the median where the SMD 
was stationed was wide enough to allow the van to turn around and tow the SMD to 
the test location. When the tests for the “two SMD” scenario were performed, another 
SMD borrowed from the City of Las Vegas was towed from the UNLV campus to the 
test site directly. In this case, at least three persons were present at site.
Even tests were performed for several months, not every day of data can be used 
for analysis. One reason is that the geometries of the roadway where the test 
equipment (particularly the cameras) was set up changed periodically in an 
unpredictable way to the research team. The research team could not be notified of 
the work plan in the work zone in a reasonable time in advance. As it turned out, the 
changed geometries on the roadway on some days was not ideal for the study. Thus, 
some days o f data have to be excluded for evaluation.
In addition, the data of last scenario was lost during the downloading, so the result 
o f this scenario will not be discussed.
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Tab e 14 Days with Valid Data for Analysis
LP18 Num of Lanes LP22
Num of 
Lanes LP2
Num of 
Lanes
Scenario 1 
Big Sign 
No Flashing
12-26-06 3 12-26-06 3 12-26-06 3
12-28-06 3 12-28-06 3 12-28-06 3
12-29-06 3 12-29-06 3 12-29-06 3
01-02-07 3 01-02-07 3 01-02-07 3
01-03-07 3 01-03-07 3 01-03-07 3
01-04-07 3 01-05-07 3 01-04-07 3
01-05-07 3 01-08-07 3 01-05-07 3
Scenario 2 
Big Sign 
Flashing 
2/sec
01-11-07 3 01-11-07 3 01-11-07 3
01-12-07 3 01-12-07 3 01-12-07 3
01-15-07 3 01-16-07 3 01-17-07 3
Scenario 3 
Big sign 
Flashing 
1/sec
01-18-07 3 01-18-07 3 01-18-07 3
01-19-07 3 01-19-07 3 01-19-07 3
01-26-07 3 01-26-07 3
Scenario 4 
Small Sign 
No Flashing
02-02-07 4 02-02-07 4 02-02-07 4
02-06-07 4 02-06-07 4 02-06-07 4
Scenario 5 
Two SMDs
02-07-07 4 02-07-07 4 02-07-07 4
02-08-07 4 02-08-07 4 02-08-07 4
02-09-07 4 02-09-07 4 02-09-07 4
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5.3 Data Processing
The videos recorded during the tests were processed using Autoscope, a video 
image processing product. The videos recorded on the digital video recorders had to 
be downloaded into video image files in a computer so that they can be used for the 
Autoscope to derive the traffic data (i.e., speed, flow, etc.). This downloading process 
was preformed in real-time, which means that the downloading can be operated only 
when the videos were played. This requires the same amount of time to be used to 
download the data as the time used to record the video. Another issue was that, as 
limited by the image software, the videos that were recorded about three hours each 
day had to be broken into pieces of digital video streams, each runs as long as 15 
minutes. In addition, a large amount o f storage spaces were needed for the 
downloaded video files. To make spaces available on computer, these downloaded 
video streams were copied to DVDs. This video file manipulation process was very 
time consuming.
Another major task performed in this study was to calibrate the Autoscope so that 
the derived traffic data were accurate. Figure 15 shows a digital image and a 
calibration dialogue box that were used in the calibration. In a standard procedure, 
calibrating the Autoscope requires the determination of real-world distances between 
each o f the calibration lines positioned on an image. The two major inputs are the 
height a camera was mounted and the crosslane (lane width) distance. They were 
measured in the field and kept for record in this study. Three types o f detectors can be 
created using Autoscope: presence, speed, and count. Figure 16 shows the presence 
detector (the solid line along pavement markers), and Figure 17 presents the speed
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(the loops) and count detectors (the bars across the road). These detectors can be 
connected to perform detection o f vehicles based on conditions specified by users 
through using the logic functions, as shown in Figure 18. The calibration was to 
compare the traffic data (e.g., speed) measured from Autoscope and the actual data.
In this study, two approaches were taken for the calibration in this study. One was to 
compare the speeds from the Autoscope and those from a radar gun which was 
installed on the SMD. At the time when the radar gun measured speeds and the SMD 
displayed the measured speeds, these speeds were also being recorded and stored in 
the SMD. Since the recorded speed data were for vehicles on any traveling lanes in 
the range of the radar gun and no identifiers exist in the stored data on the lane where 
each speed was measured, these speed data can only be used to provide a rough 
profile o f speeds vehicles traveled at the location 500 ft. upstream the SMD (the 
range of radar gun). The second approach was to compare the speeds for identified 
vehicles. In this approach, a separate trip was taken to a site close to the place where 
the first camera was mounted. Two radar guns from the Transportation Research 
Center o f UNLV were used to measure selected vehicles. These selected vehicles had 
outstanding features (primarily trucks) that can be easily identified visually from the 
videos taken by the first camera. Three researchers were stationed in the TRC van, 
two o f whom operated the radar guns and read the speeds measured, the third one 
wrote down the speeds announced. While the speeds were measured using radar guns, 
videos of the traffic were also taken at the same time. Back in the lab, the recorded 
videos were replayed to identify the vehicles for which the speeds were measured 
using radar gun. The speeds were then read for these identified vehicles that were
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displayed on the screen in the Autoscope. With the speeds measured from these two 
different ways, they were compared. It was concluded that they were very close, and 
good enough for use to provide traffic data with satisfactory accuracy.
Figure 15 Calibration of Autoscope
6 8
Figure 16 Presence Detectors
Figure 17 Speed Detector
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Figure 18 Boolean Detector Function
During the data processing with the calibrated Autoscope, it was found that the 
accuracy of the traffic data still suffer from three technical problems. First, as shown 
in Figure 19, vehicle headlights were very bright at night and may trigger the 
detectors when vehicles were actually not entering a speed loop drawn in Autoscope 
yet. Two vehicles running very close with bright headlights may be detected as one 
single vehicle such as a truck. Second, trucks with trailers tended to be detected as 
separate small size vehicles. Third, trucks on one lane blocked the image of vehicles 
on the other lane (see Figure 20). This is the typical occlusion problem in vision 
detection. To solve the headlight problem, different contrast ratios were tried. The 
one (contrast level 4) with the best results was chosen in this study. To mitigate the
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second problem, a computer program was written to correct the vehicle classification 
for the vehicles running on an adjacent lane of truck running.
Four metrics were used in addressing these three problems:
1. Actual Vehicles: number of actual vehicles passed a location(as seen on the 
video)
2. Correct Detection: number o f actual vehicles detected
3. Missed Detection: number o f actual vehicles undetected
4. False Detection: number o f vehicles counted in the absence o f vehicles. This 
may be due to vehicle head lights in the same lane, other lane vehicle head 
lights, occlusion, etc.
The relationships between these metrics are:
1. Actual Vehicles = Correct Detection + Missed Detection
2. Detected Vehicles = Actual Vehicles + False detection
The results o f vehicle detection when Contrast level = 0 and Contrast level = +4 
are shown in Table 14 and 15, respectively. It can be seen from the tables that the 
false detections are suppressed considerably when contrast -  +4.
After the calibration, the videos were processed using Autoscope. Figure 21 
presents an example o f the traffic speed data over the space covered by the four 
videos. Even with the great effort spent in calibrating the Autoscope, the quality of 
the traffic data were still questionable, particularly to the vehicles on the right hand 
side lanes.
71
Figure 19 Headlight Problem
Figure 20 Truck Double Counting 
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Table 15 Large Truek (>39ft) Counts for Video from Camera on Light Pole #22, Contrast
Lane 1 Lane 2 Lane 3
Actual
Vehicles
0 Container 1 Container 0 Container
1 Truck with empty 
carriage
2 Truek with empty 
carriage
1 Truek with empty 
carriage
5 Truek with one trailer 22 Truek with one trailer 12 Truek with one trailer
0 Truek with two trailers 2 Truek with two trailers 2 Truek with two trailers
Total 6 27 15
Correet
Detection
0 Container 1 Container 0 Container
0 Truek with empty 
carriage
1 Truck with empty 
carriage
0 Truek with empty 
carriage
3 Truek with one trailer 17 Truek with one trailer 12 Truek with one trailer
0 Truek with two trailers 2 Truek with two trailers 2 Truek with two trailers
Subtotal 3 21 14
Missed
Detection
0 Container 0 Container 0 Container
1 Truck with empty 
carriage
1 Truck with empty 
carriage
1 Truck with empty 
carriage
2 Truek with one trailer 5 Truck with one trailer 0 Truek with one trailer
0 Truek with two trailers 0 Truek with two trailers 0 Truek with two trailers
Subtotal 3 6 1
False
Deteetion
1 Same lane by light 2 Same lane by light 0 Same lane by light
1 Car in central lane 5 Car in central lane 0 Car in central lane
1 Unknown 1 Unknown 0 Unknown
Subtotal 3 8 0
Note: Video data was eolleeted from 22:40 pm to 23:00 pm in January 15, 2007
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Table 16 Big-Size Track (>39ft) Counts for Video from Camera on Light Pole #22,
Lane 1 Lane 2 Lane 3
Actual
Vehicles
0 Container 1 Container 0 Container
1 Truek with empty 
carriage
2 Truek with empty 
carriage
1 Truek with empty 
carriage
5 Truck with one Trailer 22 Truek with one Trailer 12 Truek with one Trailer
0 Truek with two trailers 2 Truek with two trailers 2 Truek with two trailers
Total 6 27 15
Correct
Detection
0 Container 1 Container 0 Container
0 Truek with empty 
carriage
1 Truek with empty 
carriage
0 Truek with empty 
carriage
3 Truek with one Trailer 15 Truek with one Trailer 12 Truek with one Trailer
0 Truek with two trailers 2 Truck with two trailers 2 Truek with two trailers
Subtotal 3 19 14
Missed
Detection
0 Container 0 Container 0 Container
1 Truek with empty 
carriage
1 Truck with empty 
carriage
1 Truek with empty 
carriage
2 Truek with one Trailer 7 Truek with one Trailer 0 Truek with one Trailer
0 Truek with two trailers 0 Truek with two trailers 0 Truek with two trailers
Sub-total 3 8 1
False
Detections
1 Same lane by light 0 Same lane by light 0 Same lane by light
1 Car in central lane 1 Car in central lane 0 Car in central lane
0 Unknown 1 Unknown 0 Unknown
Subtotal 2 2 0
Note: Video data was collected from 22:40 pm to 23:00 pm in January 15, 2007
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Figure 21 An Example o f Speed Data over Space
5.4. Data Analysis for Test on 1-15
5.4.1 Profile o f Speed Reduction 
Table 17 shows the average speeds of the vehicles at the left-most lane, closest to the 
SMDs tested in this study. The speeds were calculated by including all the vehicles, 
regardless o f whether they were running in free flow or bunching conditions. From this 
table it can be seen that all the tested scenarios brought down speeds at the location where 
a SMD was deployed. The amount of speed reduced ranged from 8 mph to 16 mph. At 
the second location downstream about 2000 ft after the first SMD, the speeds can either 
go up like the case for the scenarios of big sign or big sign with flashing, or continued to
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go down like the scenario with small sign with no flashing. In most o f the cases, the 
speeds were either kept the same or continued to slow down. Note that the geometric 
conditions for testing the small sign were changed (4 lane open), the speed reduction at 
the first location was significantly more than those in other scenarios.
Table 17 Speeds hy including Both Free Flow and Bunching Vehicles
Before After 1 After 2
Big Sign with no Flashing
61.04 52.18 61.80
Diff &856 -0.76
Hypothesis Result > <
Big Sign with Fast 
Flashing
63.50 51.98 54.54
Diff 11.51 8^5
Hypothesis Result > >
Big Sign with Slow 
Flashing
65.78 55J8 56.75
Diff 10.00 9.03
Hypothesis Result > >
Small Sign with no 
Flashing
63.68 46T3 45.75
Diff 16.95 17.92
Hypothesis Result > >
\lote that “>” and “<” inc icates that the speed in before condition is greater or less than
the after condition, respectively.
5.4.2 Analysis for Vehicles Running in Free Flow Condition 
Following the same procedure used for Cr-215 to determine whether a vehicle is in 
free flow condition, each vehicle running through the test site was identified for whether 
it is in free flow condition. The parameters for the headway distribution were estimated 
and presented in Table 18.
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Table 18 Parameters Estimated for Probability Distributions of the Headways in
Left
FF Exponential: A =0.12446
h = 0.037
Bunching Lognormal: <T =0.50115, //=0.53435
Middle
FF Exponential: À, =0.14037
h = 0.016
Bunching Lognormal: <T =0.51208, //=0.65866
Right
FF Exponential: À. =0.12678
h = 0.018
Bunching Lognormal: cr =0.4988, //=0.67908
Speed Profile
Table 19 and Figure 22 display the speeds o f the vehicles that were running in free 
flow conditions on all the lanes. The patterns of the speed reduction for all the vehicles at 
the left most lanes as observed in Table 19 can also be found for the speeding vehicles at 
the middle and right lane. Comparatively, the big sign with flashing reduced more speed 
in the left lane than the big sign with no flashing. This observation could also be found 
from the right lane for the big sign with fast flashing rate. Note that the speed data from 
the middle and right lanes may not be as reliable as the left lane.
It is important to observe from Table 19 that the SMDs set up at the second location 
didn’t demonstrate positive impact on the vehicles. The speeds in the middle and right 
lane actually went up after the vehicles passed the first SMD. Note that the average 
speeds at these two lanes at the first location had been close to the speed limit (55 mph). 
The SMD at the second location may not be effective anymore.
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Table 19 Speed Comparison Considering Only the Vehicles in Free Flow Condition
Left Lane Middle Lane Right Lane
Big Sign 
with no 
Flashing
Before After 1 After 2 Before After 1 After 2 Before After 1 After 2
61.24 53^a 61.78 61.79 51.91 5636 593 51.58 55.01
Diff 7.66 -0.55 938 4.93 733 4.5
Hypoth
esis
> < > > > >
Big Sign 
with Fast 
Flashing
63.31 54.94 57.26 65.84 5939 5632 62.66 53.7 54.21
Diff 836 6.05 6.44 932 836 8.45
Hypoth
esis
> > > > > >
Big Sign 
with Slow 
Flashing
66.35 5733 58.94 69J3 62.26 56.9 61.31 57.79 55.08
Diff 832 7.41 7.47 1233 332 633
Hypoth
esis
> > > > > >
Small Sign 
Without 
Flashing
6139 4839 44.47 6737 51.21 61.13 61.52 4832 56.91
Diff 14.5 18.92 16.66 6.74 12.6 4.61
Hypoth
esis
> > > > > >
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Figure 22 Speed Patterns at Three Locations for Four Scenarios Tested
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Regression Analysis
In the analysis using regression models, three scenarios were considered: (1) Big sign 
(Big), (2) Big sign with fast flashing rate (BigF), and (3) Big sign with slow flashing rate 
(BigS). The small sign was not included in the modeling because the geometric condition 
o f the work zone was changed when this scenario was tested. Two vehicle types were 
included: (1) Passenger Car and (2) Truck. Trucks were not further classified into single­
unit and multi-unit trucks as the analysis for Cr-215 because these classifications of 
trucks derived from videos using Autoscope were not reliable.
The speeding likelihood model was developed with the same equations as for Cr-215. 
In the speed model, the dependent variable is defined as the speed reduction ratio:
= (4fi)
Uj
where w) denotes that average speed at the before location for test scenario j , and u.
represents speed for vehicle i . By taking the ratio as shown in the equation, different 
average speeds for before-conditions for different scenarios can be taken into account. In 
the analysis for Cr-215, there was only one before-condition (represented as average 
speed) that all the scenarios can compare with. For 1-15, there was one before condition 
for each different scenario. There were speed reductions on average for all the test 
scenarios, the value of the speed reduction ratio is positive for most times.
Speeding likelihood model
The results from the modeling are listed in Table 20. It can be seen from the table that 
the three coefficients for passenger vehicles, each for a different scenario, are positive, 
which means that the speeding likelihood for passenger vehicles are greater than that of
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trucks going through the test of non-flashing big sign. This observation is consistent with 
intuitive because passenger vehicles run faster than trucks. Among these three 
coefficients, those for non-flashing big sign and the big sign with fast flashing rate are on 
the same level statistically, and significantly smaller than those for the big sign with slow 
flashing rate. This observation suggests that the non-flashing and fast flashing big sign 
performed better than the slow flashing big sign in lowering speeding likelihood for 
passenger cars. For the trucks running through these three scenarios, it can be seen from 
the table that their coefficients are in the increasing order as follows; non-flashing big 
sign, fast flashing big sign, and slow flashing big sign, and are distinctly different from 
each other statistically. This result indicates that the non flashing big sign performed the 
best, followed by fast flashing, and then the last slow flashing sign, in reducing the 
speeding likelihood for trucks.
Speed model
By looking at the bottom part of Table 20, it can be seen that the constant that 
represents the speed reduction ratio is a positive number, which implies that, based on the 
definition there was speed reduction for the trucks running under the non-flashing big 
sign. The speed reduction ratios for passenger vehicles o f all three scenarios can be 
derived by subtracting their coefficients from the constant. It can be seen that a positive 
value of speed reduction ratio can be obtained for all the scenarios for the passenger 
vehicles, and it can also be observed that the slow flashing performed better than the fast 
flashing, which is followed by the non-flashing sign. For trucks, a positive speed 
reduction ratio can be derived for all three types of signs. The trucks under the big sign 
with no flashing had more speed reduction than the other two speed signs with flashing.
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Based on the interpretation of the results above on the speeding likelihood and speed 
reduction, it can be summarized that the non-flashing big sign can be effective in 
bringing down speeding likelihood, but not the actual speeds reduced. The speed signs 
with slowing flashing can reduce speed for passenger vehicles more significantly than the 
non-flashing sign.
Table 20 Modeling Results for Left Most Lane
Logit estimates
BINARY 1 Coef. Std. Err. z P> 1 z 1 [95% Conf. Interval]
Big Car I . 386414 . 0 6 24 5 14 6 . 1 9 0 . 0 0 0 . 2 6 4 0 1 1 5 .5088165
BigF Car I 
BigF Truck I
1 . 0 5 5 9 3 9
. 2 97 1 5 6 8
.0777161
. 1 02 9 4 0 7
1 3 . 5 9
2 . 8 9
0 . 0 0 0
0 . 0 0 4
.9036181 
. 0 95 3 9 6 7
1 . 2 0 8 2 6
. 49 8 9 1 6 8
BigS Car | 
BigS Truck |
2.079414 
1 . 9 5 8 8 2 8
. 1 2 44 1 33  
. 1 5 6 5 7 1 9
16.71
12.51
0.000
0.000
1 . 8 3 5 5 6 9
1 . 6 5 1 9 5 3
2 . 3 2 3 2 6
2 . 2 6 5 7 0 4
Const 1 . 2 27 6 5 5 1 . 0 55 8 9 4 3 4.07 0.000 .1181043 . 3 3 7 2 0 5 9
Number of obs 
LR chi2 (5)
Prob > chi2 
Log likelihood 
Pseudo R2
11043
^ 3 ^ 0
0.0000
- 6 4 5 7 . 7 5 5 4
0.0474
DepValS I Coef. Std. Err. t p> It 1 [95% Conf. Interval]
Big Car | - . 0 2 6 4 3 5 7 . 0 04 8 4 8 8 - 5 . 4 5 0.000 - . 0 3 5 9 4 0 2 - . 0 1 6 9 3 1 2
BigF Car | 
BigF Truck \
- . 0 3 7 7 9 4
- . 0 2 1 5 4 6 5
.0056046 
. 0 0 7 9 0 0 3
- 6 . 7 4
- 2 . 7 3
0.000
0 . 0 0 6
- . 0 4 8 7 7 9 9
- . 0 3 7 0 3 2 5
- . 0 2 6 8 0 8 1  
- . 0 0 6 0 6 0 4
BigS Car | 
BigS Truck \
-.0112007
- . 0 1 3 4 9 8 5
. 0 0 6 6 6 0 3
. 0 08 2 0 3 1
- 1 . 6 8
-1. 65
0 . 0 9 3
0.100
- . 0 2 4 2 5 6 1  
- . 0 2 9 5 7 8
. 00 1 8 5 4 6  
. 0 0 2 58 1
Const t . 0 84 3 8 3 5 . 0 04 3 7 3 2 19.30 0.000 .0758112 . 09 2 9 5 5 8
Number of obs = 
F( 5, 11037) = 
Prob > F = 
R-sguared = 
Adj R-squared =
11043 
11 . 12 
0 . 0 0 0 0  
0.0050 
0 . 0 0 4 6
5.4.3 Cost and Benefit Analysis 
In calculating the benefit and cost ratio for the SMD on the testing site 1-15, the 
following are the differences from those on Cr-215:
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First, different crash rates were used. It was because Cr-215 was a principal arterial, 
while 1-15 was an interstate highway. For interstate highways, the crash rates are 0.56 
and 46.56 per 100 million VMT for fatal and non-fatal, respectively.
Second, different AADT value was used. The site on Cr-215 was a two-lane highway, 
while that on 1-15 was three-lane highway. The AADT for the test segment on 1-15 was 
229,000, which is more than that on Cr-215.
Third, the average speed reduction on 1-15 was 9 mph, while that on Cr-215 was 6 
mph.
Considering these differences, the relationship between these two parameters that can 
make this ratio greater than one could be derived. Table 21 lists the values of AADT and 
work zone length under the benefit and cost ratio is equal to 1.
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Table 21 Relationship between AADT and Work Zone Length under B/T is one
AADT Work Zone Length (Miles)
17727 0.1
8864 0.2
5909 0.3
4432 0.4
3545 0.5
2955 0.6
2532 0.7
2216 0.8
1970 0.9
1773 1
1612 1.1
1477 1.2
1364 1.3
1266 1.4
1182 1.5
1108 1.6
1043 1.7
985 1.8
933 1.9
886 2
Figure 23 shows the relationship between AADT and Work Zone Length. The 
minimum work zone length was calculated as 31.79 feet to make the benefit cost ratio 
equal to 1.
Compared with Table 16, even though more traffic was reducing their speed, thus 
incurring more benefit, the crash rates on Interstates are lower than those on Cr-215, and 
this makes the minimum AADT on 1-15 is more than that in Cr-215 with the same work 
zone length.
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Figure 23 Relationship between AADT and Work Zone Length on 1-15
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS
6.1 Findings
1. The SMDs tested in this study, regardless of the features they had in term of size, 
flashing, and message content, all reduced speeds of vehicles if  they run over 
speed limits. On Cr-215, the multi-unit trucks in the left lane did not reduce their 
speed since their speeds were already close to the speed limit. In addition, their 
sight to the tested SMDs may be blocked by the vehicles in the right lane.
2. The tested big sign performed better than the small sign for the multi-unit trucks 
in the right lane on the Cr-215 site. It had the same performance as the small sign 
for other types o f vehicles. Because the site settings for the small sign and big 
sign on 1-15 were different, no comparison was made between their performances.
3. The tested big sign with slow flashing rate performed better than the big sign at 
the left-most lane on 1-15 in reducing speed. On the Cr-215 site, the non-flashing 
big sign and the sign with flashing performed equally well in reducing speed. It 
has been noticed that the tests on Cr-215 were all during day time, while those on 
1-15 were during night time. The flashing may be more attractive during night 
time than day time. During the tests, it was the background of the speed signs that 
was flashing, due to the restriction o f the SMD purchased for this study. This way
8 6
of flashing may not make the flashing as outstanding as the other way of flashing 
(flashing words in steady).
4. The second SMD continued reducing speeds of motorist further after the 
significant reduction at the first location on Cr-215. This effect was not observed 
on 1-15. Apparently, the speeds at the second location on Cr-215 were still far 
above the speed limit in the work zone and there were more potential for 
motorists to reduce their speed. On 1-15, the speeds at the second locations were 
below the speed limit already and motorists may not want to reduce their speeds 
any more.
5. The benefit and cost analyses for Cr-215 and 1-15 indicate that the work zones 
longer than 32 ft can produce more benefit due to speed control than the cost for 
purchasing and operating SMDs.
6.2 Conclusions
1. SMDs can reduce speeds on freeways and principal arterials.
2. The size and features o f the sign did matter to the performance of SMD. They 
should be enhanced and used in the right place and right time.
3. The additional SMD can be very effective in reducing vehicle speeds when the 
amount of speed reduction at the first location is not sufficient.
4. SMD is very cost effective in reducing speed on both freeways and principal 
arterials.
6.3 Recommendations
1. It is strongly recommend using SMD in work zones for controlling speed.
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2. It is reasonable to require using SMDs in construction contract.
6.4 Implementation Issues 
Like any traffic signs, visibility could be an issue to SMD. When testing on Cr-215, 
the speed sign was not visible when it was facing south toward the sun during midday. 
The visibility was improved after it was moved under the overpass bridge.
The flashing was not significantly effective on Cr-215 where the tests were conducted 
during the day time, but was obviously more effective on 1-15 where the test was 
conducted during night time. This observation may suggest that flashing be used during 
night time than day time.
SMD can be set up on either right or left hand side of a roadway. Vehicles on left 
hand side tend to run faster than those on the right hand side. They are the actual targets 
for speed control and thus SMDs should be set up closer to them. Since right hand side is 
the place where motorists expect road messages, a SMD can be set up on the right hand 
shoulder. In this case, the sights of the drivers in the left lanes may be blocked by the 
vehicles in the right lane, particularly where there are many trucks in the right lane. To 
correct the problem, a SMD can be set up on the left hand shoulder. In that case, the 
motorists may miss the sign because they may expect message sign on the right hand 
side. Thus, setting up SMD on either side would have some visibility issues. When there 
are more than two lanes like the test site on 1-15, the visibility issue would be a serious 
problem. Overhead could be a better location if there are more than three lanes, or truck 
volume is high.
8 8
A SMD deployed in work zone has to be protected if it is deployed on shoulder for a 
long period of time. In this study, the SMDs on Cr-215 were set up behind concrete guard 
rail.
Two SMDs can be used in a work zone about 1,500 ft. apart. The vehicle speeds at 
the upstream SMD have to be evaluated. The second SMD would be used when there are 
potential to reduce the speed at the second location.
The sign should be as large as possible. The higher the roadway speed, the larger the 
sign needed. The size o f the speed sign tested in this study on 1-15 seems small, and it 
should be made larger.
Flashing is recommended in implementation. The flashing feature was tested 
effective on 1-15. From the tests on Cr-215, it was perceived that the way to flash the 
speed may influence the attractiveness of speed sign. It suggests that the flashing should 
be made as attractive as possible.
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